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Due to dwindling domestic crude oil reserves and the complex nature 
of the global political climate, there has arisen a need for the develop­
ment of alternate domestic sources of portable fuel. One such source is 
coal derived synthetic liquid fuel products (liquefaction). There are 
four basic types of liquefaction processespyrolysis, solvent extrac­
tion, catalytic liquefaction and indirect liquefaction. All four basic 
types involve chemical reactions that increase the hydrogen to carbon 
ratio of some of the coal being reacted. Pyrolysis involves simple heat­
ing of the coal in an oxygen deprived atmosphere. Char forms and liber­
ates hydrogen gas which reacts with some of the remaining coal to form 
tars, liquids and gases. Solvent extraction involves the use of a coal 
derived liquid to donate hydrogen to unreacted coal at high temperatures 
or hydrogen can be added directly to the coal-solvent mixture and the 
reaction allowed to take place at elevated temperatures and pressures. 
Catalytic liquefaction involves mixing pulverized coal with a catalyst and 
reacting directly with hydrogen in a fluidized bed reactor at elevated 
temperatures and extremely high pressures. Indirect liquefaction involves 
reacting coal with oxygen and steam to produce CO and H2 and then reacting 
the CO and H2 in the presence of a catalyst to produce methanol and 
aliphatic hydrocarbons» Indirect liquefaction processes have been 
operated successfully since World War II. Unfortunately, the energy 
consumption of the process is very high and the net energy yield is only 
about 40% of the original energy of the coal.2 In order to be 
economically competitive with foreign oil, the United States 
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decided to pursue one or more of the direct liquefaction schemes and 
develop pilot plants to demonstrate the feasibility and reliability of 
these methods of coal conversion. A requirement for the development of 
any new processing technology is the development and evaluation of 
materials necessary for use in the new processing technology. This thesis 
deals with the evaluation of 2^ Cr-lMo steel as the load bearing shell of 
a dissolver vessel for the solvent extraction type processes. In these 
type processes, coal is pulverized (-100 mesh) and mixed with a coal 
derived oil. The coal and oil mixture, or slurry, is preheated to 
temperatures ranging from 260 to 426°C or possibly to 510°C. The slurry 
and 6.9 to 27.6 MPa hydrogen gas are pumped into dissolvar vessels and 
allowed to react for 30 to 90 minutes depending on the specific process 
variables. The dissolver vessel, Figure 1, consists of a large pressure 
vessel (4.6 to 6.1 m ID, commercial sizes are projected to be as large as 
15.2 m ID) constructed of 2^ Cr-lMo steel internally clad with 309 and 347 
stainless steel. The purpose of the present investigation was to evaluate 
the behavior of 2% Cr-lMo steel exposed to the conditions existing in a 
coal liquifier. This situation would occur if the stainless steel 
cladding were somehow breached during operation. The environment present 
inside the dissolver vessel is very complex and not well characterized. 
It is known that the oxygen and some of the sulfur in the coal react with 
hydrogen to form H2O and H2S, respectively. However, the relative 
concentrations of these species, for a given coal, is not known. 
Other corrosive species possibly present in the dissolver 
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vessel are listed in Table 1. The complexity of the dissolver vessel 
environment makes it practically impossible to isolate any one gas or any 
mixture of gases that could be responsible for degrading the strength of 
the dissolver vessel shell. It was, therefore, decided that "£% Cr-lMo 
steel, in the microstructural condition that would be used for fabrication 
of the vessels (A387-74A-Gr.22-Cl.-2), should be exposed to the actual 
dissolver vessel environment under various process conditions of 
temperature and pressure. The properties to be monitored were mechanical 
strength, ductility, fracture toughness, fatigue, corrosion and hydrogen 
attack. 
Explanation of Thesis/Dissertation Fomat 
This thesis is a collection of four papers to be published in 
appropriate journals. The work is the result of a program entitled "Alloy 
Evaluation for Fossil Fuel Process Plants (Liquefaction)", funded by the 
Fossil Energy Materials Branch of the United States Department of Energy. 
The research reported in these papers was performed by C. M. Woods under 
the direction of Dr. T. E. Scott. The author of the four papers was C. M. 
Woods with editing by Dr. T. E. Scott and Dr. 0. Buck. The papers are 
presented as entire sections. An appendix is included as the last section 
in order to describe experimental details not presented in the papers. 
References, tables and figures for each section are presented at the end 
of the individual section. 
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FOOTNOTES 
1. P. Nowacki: "Coal Liquefaction Processes", Noyes Data Corp., Park 
Ridge, N.J., 1979, p. 1. 
2. E. J. Hoffman: "Coal Conversion", Energon Co., Larame, Wy., 1978, p. 
1 .  
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Table 1. Known and conjectured species present 
in dissolver vessel 
H2 Aliphatic Mercaptans 
H2S Aromatic Mercaptans 
H2O Napthenic Mercaptans 
HCN Aliphatic Sulfides 
HCl Aromatic Sulfides 
NH3 Cyclic Sulfides 
CH4 Aliphatic Disulfides 
CO2 Arranatic Disulfides 
CO Polysulfides 
COS Napthenic Acid 
S Polythionic Acid 
CI Sulfuric Acid 
NH4CI Sulfurous Acid 
NH4CN Hydrocarbons 
NH4HS Coal Minerals 
(NH4)2S Etc. 
6 




Figure 1. Schematic representation of a 
liquefaction dissolver vessel. 
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SECTION I. EVALUATION OF 2k, Cr-1 Mo STEEL IN A COAL 
LIQUIFIER DISSOLVER VESSEL ENVIRONMENT 
8 
Evaluation of 2% Cr-1 Mo Steel in a Coal 
Liquifier Dissolver Vessel Environment 
Charles M. Woods, Ph.D. 
Tom E. Scott, Ph.D. 
To be Submitted to the 
Journal of Materials for Energy Systems 
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ABSTRACT 
Smooth-bar and notched-bar tensile specimens of bainitic 2hi Cr-1 Mo 
steel were exposed with and without an applied stress to argon gas or to a 
coal slurry-H2 enviroment for various conditions of time, temperature and 
pressure. Room temperature mechanical properties determined after each 
coal slurry-Hg exposure were compared to those of like samples exposed to 
the same conditions in argon. The coal slurry exposures produced very 
little change in the room temperature mechanical properties even after 
1000 hours at temperatures as high as 426°C and total pressures of 27.6 
MPa. 
Corrosion samples were exposed in both the liquid phase and the 
gaseous phase above the coal slurry-H^ environment. Scale growth rates, 




Dwindling domestic crude oil supplies have made it necessary to seek 
alternate forms of portable liquid fuels. One such form is coal derived 
liquid fuel products (liquefaction). There are many liquefaction 
processes,! some dating as far back as 120 years.% This paper deals with 
only the direct liquefaction processes proposed for use in the United 
States. Specifically it deals with the evaluation of 2k, Cr-1 Mo steel as 
the structural shell of a coal liquifier dissolver vessel. 
In most direct liquefaction processes, coal is pulverized, mixed with 
a coal derived oil to make a slurry and heated to a high temperature 
(260°C to SlCC). Hydrogen or a mixture of hydrogen and light hydrocarbon 
gases (methane etc.) is then added to the slurry at pressures ranging from 
6.9 to 28 MPa. The chemical reactions involved increase the hydrogen to 
carbon ratio of the thermally cracked coal. This results in the formation 
of a synthetic crude which is then further processed into various liquid 
and gaseous products. 
The vessel in which the dissolution of the coal takes place is called 
a dissolver vessel. It is similar, functionally, to pressure vessels such 
as hydrocrackers in the crude oil refining industry. The petroleum 
industry uses 2% Cr-1 Mo extensively for pressure vessel applications 
because it has good strength, toughness, fabricability and corrosion 
resistance.3 Consequently, the material chosen initially for coal 
liquefaction pressure vessels was 2^ Cr-1 Mo steel protected from the 
corrosive internal environment by weld overlayed stainless steel.^ 
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Commercial size vessels could be as large as 3.2 x 10^ kg with a height of 
40 m and internal diameter of 15 m.^ With a vessel of this size, 
reliability and cost become extremely important. Economics dictate a 
lifetime for these vessels of between 20 to 30 years. 
There are two significant differences between these two applications. 
The coal dissolver vessels will operate at slightly higher temper .jures 
and most coals contain sulfur in higher concentrations than those found in 
oil crudes. 
As previously stated, the dissolver vessels will be protected from 
the slurry environment by a weld overlay of stainless steel. Cracks have 
been detected in the 347 stainless steel weld overlay.^ General corrosion 
attack of the 347 S.S. was also noted. Hydrogen embrittlement of 347 S.S. 
weld material has also been reported? as well as debonding of the 
overlay.8 These are potential problems that could lead to breaching of 
the protective stainless steel overlays and consequent exposure of the 2% 
Gr-1 Mo steel directly to the coal-slurry dissolver vessel environment. 
Much work has been done on the effects of aging, carbon content and 
microstructure on the mechanical properties of 2^ Cr-1 Mo steel.3)5,9-17 
It has also been shown that steels containing 0.5-4.0 wt.% Cr and up to 1 
wt.% Mo are very resistant to hydrogen embrittlement in H2S containing 
environments.18 Nothing was known about the effects of a high temperature 
coal-slurry environment on the mechanical properties of 2^ Cr-1 Mo steel. 
Therefore, an investigation was undertaken to determine the effects on 2^ 
12 
Cr-1 Mo steel of exposure to a coal slurry-H2 environment at various 
conditions of temperature, pressure and stress. Room temperature 
smooth—bar and notched-bar mechanical properties were used to monitor 
exposure effects. Corrosion scales formed during exposure were examined 
using electron microprobe and X-ray analyses. 
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MATERIALS AND PROCEDURES 
Description of Steel 
The Steel used in this investigation was bainitic Cr-1 Mo steel. 
The composition is listed in Table 1. A 19 mm thick hot rolled plate was 
austenitized in the temperature range 899° to 989°C and air cooled to room 
temperature. The plate was then heated to 732®C and isothermally held for 
45 minutes followed by air cooling. This heat treatment has been referred 
to in the literature as the 'normalized and tempered' condition for this 
steel. Baker and Nutting^  ^ others >^^ 0 have shown that this heat 
treatment produces a fully bainitic microstructure in plates of this 
thickness. They also showed that the microstructure consists of a fine 
dispersion of cementite (FegC) and acicular M02C (NgC by others) 
precipitates surrounded by a Cr enriched ferrite (a-Fe) matrix. 
Baird and Jamieson^l demonstrated that the addition of as little as 1 
wt.% Cr or Mo to pure Fe causes a small but significant increase in 
tensile strength due to solid solution hardening. Klueh^ noted that 
'normalized and tempered' Cr-1 Mo steel maintained a considerable 
amount of Mo and Cr in solution. Klueh^ also demonstrated the dispersion 
strengthening effect of M02C when finely dispersed throughout the matrix 
and the subsequent loss of tensile strength when carbide coarsening was 
allowed to occur. Part of the strength of Cr-1 Mo steel is derived 
from both solution hardening and precipitation hardening mechanisms. 
14 
Ring-Sample Composites 
Loading rings. Figure 1, made of 316 stainless steel, were used to 
stress notched-bar and smooth-bar tensile samples during exposures to 
argon or a coal-slurry-H2 environment. Each ring was deflected in 
compression at room temperature in a compression cage on a TT-C Instron 
tensile test machine. The load was transferred to a tensile specimen 
spanning the diameter of the pre-compressed ring by threading the specimen 
into the threaded section of the ring at one end and tightening a nut at 
the other end. The ring diameter was measured before and after loading 
and adjustments were made to achieve a predetermined value of ring 
deflection. The load exerted by the ring on the specimen at any 
temperature, T, is given by -
P = kjAD-j. (1) 
The ring deflection, AD^, at the temperature of interest was calculated 
using 
AfE-p 
(L - Lg -r SpDAT -SgLg AT) (2) 
ADT = Iet 
kj. + 
leT 
where, A-p = Specimen cross sectional area at T 
E^ = Young's modulus at T 
D = ring diameter 
ciy = ring material average thermal expansion 
coefficient over AT 
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ctg = 2\ Cr-1 Mo average thermal expansion coefficient 
over AT 
AT - T — 
= ring compliance coefficient at T 
Ig^ = thermally corrected gage length. 
Equation 2 was derived by letting the ring-sample composite thermally 
expand while applying the appropriate conditions of constraint. The term 
'Lg' in equation 2 reflects the roan temperature ring deflection. It is 
the actual length of sample under load in the compressed ring. 'Lg' was 
calculated from 
k AD Ir 
L„, = D - AD - (3) 
A E 
where, D = room temperature ring deflection 
lg = straining gage length 
A = room temperature cross sectional area 
E = room temperature Young's moduluso 
In order to use equation 1 through 3, several material properties had 
to be determined. The mean coefficients of linear thermal expansion,2% a, 
for both Cr-1 Mo steel and 316 stainless steel were determined for the 
temperature range of interest from room temperature to 537°C. The ex's 
x-Tsre calculated from -
A1 . (4) 
" = 1 A T 
16 
where, 1 = specimen length 
A1 = thermally induced length change. 
The measurements of a were made using a specially designed quartz 
dilatometer rig that incorporated an Automatic Systems Laboratories Model 
1050 capacitance gage transducer capable of resolving 1 x 10*5 mm of 
length change. 
Ring compliance coefficients, kj., were determined from compressive 
load versus deflection tests run at several temperatures from room 
temperature to 537®C. The tests were run on a TTC - Instron tensile test 
machine. The Instron electronics were modified so that the load could be 
output to an external XÏ chart recorder. The deflection was measured with 
a Daytronics LVDT attached to a slide deflectometer fixed across the 
diameter of the ring. The output from the LVDT circuitry was input to the 
other channel of the XY recorder thus enabling direct plotting of load 
versus ring deflection. The ring compliance coefficients were taken to be 
the slopes of the load versus deflection curves. Young's moduli for the 
2hi Cr-1 Mo steel were taken from data reported by Hammond et al.23 
Measuring the room temperature deflection and using the values for 
the various parameters described above, stress in the sample at any 
temperature of interest was calcualted from -
(7= P/A?. (5) 
In order to check the validity of equation 2, another quartz 
dilatometer rig was built. It was capable of monitoring the ring-sample 
composite diameter during heat up and during any subsequent relaxation 
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due to creep in the sample. Creep in the sample was measured three ways, 
(a) Fiducial marks were machined in the specimen gage section and were 
measured before and after the relaxation test using a Gaertner Toolmaker's 
microscope, (b) The ring-sample composite diameter was measured at room 
temperature before and after the test using a four place micrometer, (c) 
The composite relaxation was measured at the test temperature and at room 
temperature (frran initial and final room temperature values) with the 
quartz dilatometer rig. 
Mechanical Properties Tests 
ASTM mechanical property specification verification tests were 
conducted on the bainitic 2^ Cr-1 Mo steel (A387-74A-Gr.22-Cl.2). 
Smooth-bar and notched-bar tensile samples. Figures 2 and 3, were cut from 
both the longitudinal (parallel to the rolling direction) and long 
transverse (perpendicular to the rolling direction) sections of a IS mm 
thick hot rolled plate. The samples were tensile tested on a 
Baldwin-Southwark tensile machine under ambient conditions at a constant 
strain rate of 1.67 x 10"^ sec~^. 
Mechanical properties evaluated were 0.2% offset yield stress, 
ultimate tensile stress, notch tensile stress, uniform elongation and 
reduction in area. 
Charpy V-notch samples, Figure 4, were machined from longitudinal and 
long transverse sections of the 2^ Cr-1 Mo hot rolled plate. The notch 
was milled parallel to the plate surface for both types of samples (ASTM 
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type L-S and T-S specimens). Impact tests were conducted on a 162 joule 
charpy impact tester over the temperature range -196*C to 25®C. 
Baseline data tests were conducted on smaller smooth-bar and 
notched-bar tensile samples. Figures 5 and 6, prepared from longitudinal 
sections of the Cr-1 Mo hot rolled plate. Smooth-bar tensile tests 
were performed in air at various temperatures from ambient to 537®C. 
Notched-bar tensile tests were carried out in air at room temperatures, 
260°C and 486°C. All testing was done on an Instron TTC-tensile machine 
at a nominal strain rate of 8.3 x 10"^ sec"!. Properties evaluated were 
0.2% offset yield stress, ultimate tensile stress, notch tensile stress, 
uniform elongation, total elongation and reduction in area. All 
measurements except reduction in area were obtained from load-elongation 
plots. All diameter measurements were made on a Gaertner Toolmaker's 
Microscope by measuring across three diameters and averaging. 
Additional smooth-bar and notched-bar tensile samples, 10 each, were 
exposed to argon gas for one of the various conditions of time, tempera­
ture and pressure listed in Table 2. S (me specimens were stressed during 
exposure using the stainless steel loading rings previously described. 
.After exposure, the samples were tensile tested at room temperature. 
Testing was done on a TTC Instron tensile test machine at a nominal strain 
rate of 8.3 x 10"^ sec~^. These tests were run to establish baseline data 
for comparison to like tests run on samples exposed to a coal slurry-Hg 
environment. 
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Smooth-bar and notched-bar tensile specimens. Figures 5 and 6, were 
exposed to a coal slurry-H2 environment. Groups of 10 specimens each were 
exposed to one of the conditions of time, temperature and pressure listed 
in Table 3. Loading for stressed exposures was done via stainless steel 
loading rings. Exposed samples subsequently were tensile tested at room 
temperature. Testing was done as previously stated for the baseline data. 
The coal slurry was a blend of 35 volume percent of -100 mesh 
Kentucky bituminous (Proximate Analysis, wt pet.; Moisture, 6.1; Ash, 
15.5; Volatile matter, 36.3; Fixed carbon, 42.1) and 65 volume percent 
solvent. The solvent was a centrifuged coal-derived liquid product (Ash 
free wt. pet.; Organic benzene insols, 3.3; asphaltenes, 32.3; Oils, 64.4) 
made frcsn the coal described above.* The slurry was prepared by mixing 
the fine coal into the solvent which, because of its higher viscosity (161 
SSF at 81®C) at room temperature, was preheated to 44°C. 
The tensile samples were immersed in the slurry which was contained 
by a 304 stainless steel can. The can was placed inside a pressure vessel 
specially designed for high pressure, high temperature service and the 
samples exposed for one of the conditions listed in Table 3. At the end 
of the exposure, the samples were removed from the pressure vessel and the 
remaining slurry dissolved away from the samples with a 50/50 volume 
percent mixture of acetone and toluene. The threaded portions of the 
*The coal and solvent were graciously supplied by Paul M. Yavorsky 
of PERC. 
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samples were cleaned with a wire wheel and the samples tensile tested at 
room temperature with the surface scale intacL OÙ the gage section. 
Corrosion Tests 
Small cylindrical corrosion specimens. Figure 7, were exposed to a 
coal slurry-H2 environment at 800°F and 4000 psig total pressure. 
Exposure runs of 24, 48, 72 and 240 hours were made. Three samples were 
immersed in the slurry and three were suspended in the gases above the 
slurry during each exposure run. After each exposure, the samples were 
removed from the slurry, cleaned with a 50/50 volume percent mixture of 
acetone and toluene and mounted in conductive copper containing bakelite. 
The samples were polished to Linde A abrasive (0.3y particle size, AI2O3) 
and examined with an ARL model EMX electron microprobe. Scans were made 
in 2\i steps from the bulk material to the outer edge of the corrosion 
scale that had formed on the surface of the sample during the exposure. 
Element concentration profiles were determined for Fe, S, Cr, Mo, Mn and 
Si. 
The scale consisted of two distinct layers, an inner tightly adherent 
layer and a loose outer layer. The outer scale was so loose that care had 
to be taken to prevent it from flaking off during mounting procedures. 
Some of the outer scale was intentionally flaked off and examined by the 
X-ray powder camera method using Cu and Cr radiation. 
Conventionally, scale growth rates are determined by weight gain 
measurements normalized to the specimen surface area.24 Scale growth 
21 
rates were determined in this examination by microscopically measuring the 
scale thicknesses at the ends of the corrosion samples. The ends were 





Ring compliance coefficients were determined at various temperatures 
between R.T. & 537'C. Values are plotted as a function of temperature in 
Figure 8. Ring compliance is shown to be a linear function of 
temperature, decreasing with increasing temperature. The ring compliance 
was taken as the slope of the compression load versus ring deflection 
curves presented in Figure 9. 
The mean coefficients of linear thermal expansion were determined for 
316 stainless steel and 2^ Cr-1 Mo steel over the temperature ranges of 
interest. Results are presented in Table 4. The mean coefficient of 
linear thermal expansion increases slightly with increasing temperature 
for both the 316 stainless steel and 2\ Cr-1 Mo steel. The values for 
both steels agreed very well with data tabulated in the literature. 
A plot of the variation of Young's modulus with temperature, as 
determined by Hammond et al.,23 is presented as the solid line in Figure 
10. Young's moduli, calculated from the slope of the elastic portion of 
smooth-bar tensile tests run at various temperatures, are presented as a 
series of points in Figure 10. The agreement between the present values 
and Hammond's values is reasonably good considering the poor accuracy 
obtainable with tensile test results. 
Relaxation curves for specimens tested at various stress levels and 
temperatures are presented in Figures 11 through 14. The relaxation was 
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determined to have resulted from specimen creep. Measurements, as 
previously outlined, of fiducial marks on the specimen gage section and 
those of the dilatometer agreed to within ±0.003 mm. This relaxation of 
the ring-sample composites resulted in a time-dependent lowering of the 
applied stress in the sample as shown in Figures 12 through 14. 
Mechanical Properties Tests 
Results of the ASTM specification verification tests are listed in 
Table 5 along with the ASTM specifications. Clearly, all of the 
properties for both orientations satisfied the ASTM specification minimum 
criteria for this material. The reduction in area, notch tensile strength 
and notch ductility were significantly lower in transverse samples than in 
longitudinal samples. This was attributed to the presence of inclusions. 
Figure 15, found in the center of the thickness dimension of the plate. 
This is a well-known characteristic of hot rolled steel. 
Results of charpy impact tests are plotted in Figure 16. The 
transverse samples showed considerably less impact toughness than the 
longitudinal samples over most of the temperature range examined. The 
impact properties were approximately the same for both types of samples 
over the lower shelf region (i.e.< -SO'C). The 20 Joule transition 
temperatures were -40°C and -60°C for transverse and longitudinal samples 
respectively. Again, the differences were attributed to inclusions in the 
center of the thickness dimension of the plate. 
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Results of Smooth-Bar Tensile tests run at a strain rate of 8.3 x 
lCr4 sec~^ in air at several temperatures are presented in Figures 17 and 
18 while results of notched-bar tensile tests are given in Figure 17. The 
0.2% yield strength and tensile strength decreased with increasing 
temperature although a slight increase in the ultimate tensile stress 
occurred at 315° to 371°C. Smooth-bar specimens tested at a slower 
strain rate of 8.3 x 10"^ sec"^ showed a somewhat greater increase in the 
ultimate tensile stress over the range of temperatures from 315*C to 
371°C, Figure 17. Discontinuous yielding was noted at 371°C for samples 
pulled at a strain rate of 8.3 x 10"^ sec~^. A slight effect was also 
noted at 349°C. The discontinuous yielding occurred at a lower 
temperature, 315°C, for samples pulled at the lower strain rate of 8.3 x 
10~5 gec~l. Uniform elongation, total elongation, and reduction in area 
all showed a decrease with increasing temperature but were unaffected by 
strain rate as shown in Figure 18. 
Results of the rocs temperature tensile tests conducted on specimens 
exposed to argon for conditions given in Table 2 are presented in Figures 
19 to 24. None of the argon exposures employed had any effect on the room 
temperature mechanical properties. 
Results of the room temperature tensile tests run on specimens, 
exposed to a coal slurry-H2 environment for conditions outlined in Table 
3, are shown in Figures 19 to 24. No significant changes were found in 
any of the room temperature mechanical properties even after exposure for 
up to 1000 hours. 
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Corrosion Tests 
A plot of corrosion scale thickness versus time in a coal slurry-H2 
environment at 427°C and 27.6 MPa total pressure is shown in Figure 25. 
For specimens suspended in both the liquid phase or gaseous phase above 
the slurry the inner scale grew at a much lower rate than the outer scale 
but the growth curves had the same shape. A typical micrograph of the 
corrosion scale is shown in Figure 26. The total scale (sum of the inner 
and outer layers) growth curve had the same shape as the individual layer 
curves. In all cases, the growth curves followed what appeared to be an 
initial parabolic growth rate region followed by a linear region. Scale 
thickness plotted versus the natural logarithm of time is shown in Figure 
27. Specimens suspended in the gas phase above the slurry showed a 
perfectly linear relationship between scale thickness and In t. Specimens 
exposed to the slurry liquids showed an initial period of much slower 
growth rate than those in the gaseous phase but the behavior was also 
linear in thickness versus In t= At longer times, the scale thickness for 
the liquid phase exposures approached those of the gaseous phase ex­
posures. It h^s been noted that during the course of the first 168 hours 
of 427®C exposure to the coal slurry environment the slurry undergoes 
marked changes as the heavy viscous portions of the slurry react with the 
hydrogen to form lighter fractions. These light fractions cause an 
increase in pressure above the upper pressure control point and get vented 
off via the pressure release system. After about 168 hours the system 
stabilizes and remains reasonably constant in pressure. Present then is a 
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mixture of slurry gases, H2, some light liquids and coke. For the short 
time exposures (up to 72 hours), the mobility of the corrosive species is 
probably hindered by the heavy viscous fractions of the slurry and scale 
formation rates are slower. As the viscous fractions are converted to 
light fractions, the mobility of the corrosive species increases causing 
an increase in the scale formation rate approaching that in the gaseous 
phase. The scale growth rate extrapolated to a year for the gaseous phase 
data was 2.56 mm/yr or 0.84 mm/yr for linear and logarithmic extrapola­
tion, respectively. 
Composition of scales formed in the liquid slurry were very similar 
to those formed in the gaseous phase above the slurry. Figures 28 and 29 
show scale element profiles for samples exposed to the slurry liquid and 
gaseous phase, respectively, as determined by electron microprobe 
analyses. The inner scale contained primarily Cr, Mo, Fe and S while the 
outer scale contained only Fe and S. Microprobe analyses determined the 
composition of the outer scales formed in the gaseous and liquid phases of 
the slurry to be Feg^gg S and Feo.93 S respectively. X-ray powder 
patterns using Cu and Cr radiation revealed the scales had a hexagonal 
structure with lattice parameters of a = 3*44A° and c = 5.72A°. These 
values matched those found in the literature^^for pyrrhotite having a 
composition of ^^0.885 
The sulfur concentration profile in the vicinity of the base 
metal-inner scale interface was sigmoidal in shape indicating an inward 
diffusion of sulfur. Figure 29. This was supported by observations of 
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machining marks and scratches on the outside surface of the inner scale 
which indicated that the inner scale - outer scale Interface was probably 




Much research has been done on various aspects of the physical and 
mechanical properties of 2^ Cr-1 Mo steel. Baker and Nutting^^ 
demonstrated that tempering of bainitic and ferritic microstructures of 2% 
Cr-1 Mo at temperatures ranging from 400°C to 750°C resulted in a series 
of carbide transformations ultimately forming MgC as the stable 




£ carbide » M3C »^:^C + M2^  
M23C6. 
Klueh^ demonstrated that M2C produced considerable strengthening in 
annealed (ferritic) 2^ Cr-1 Mo but, according to Baker and Nutting,20  ^ ag 
much less stable in bainite than in ferrite and transformed to M23C6 and 
M5C at much shorter times. Murphy and Branch^® observed considerable 
softening in bainitic 2^ Cr-1 Mo steel during aging at 566®C and 593®C for 
as little as 5000 hours. They attributed the softening to dissolution of 
M2C and formation of MgC. They also noted that recrystallization and 
recovery cf M2C free regions of the bainite was enhanced by the presence 
of creep strain. Furthermore, they noted that after 50,000 hours of aging 
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at 593°C there were no significant microstructural differences between 
samples initially having bainitic or ferritic microstructures. Woodhead 
and Quarrell^® pointed out that virtually all creep resistant alloys 
derive their strength from finely dispersed particles. They noted that 
the particles not only hinder dislocation movement, but hinder recovery as 
well by pinning tangled dislocation networks that form during plastic 
deformation. Murphy and Branch^O showed that the creep-rupture strengths 
of bainitic and ferritic Cr-1 Mo steel were essentially the same after 
50,000 hours of aging at 593°C despite the fact that bainitic structures 
were much stronger before aging. 
In the present study, no softening was noted in bainitic 2^ Cr-1 Mo 
samples exposed to argon for 168 hours at temperatures up to 482°C. 
Exposures in argon at 427°C for 1000 hours also showed no softening. 
According to Baker and Nutting^^ the tempering treatment given this steel 
at 732°C for 45 minutes produced a bainitic microstructure consisting of a 
fine dispersion of FegC (M3C) and M02C (M^C) precipitates surrounded by a 
chromium enriched ferrite matrix. Extrapolation of Baker and Nutting's 
carbide transformation data at around 426*C to long time exposures shows 
this microstructure to be 'stable' for up to about 100,000 hours and even 
longer at lower temperatures. 
Samples tested at various temperatures from room temperature to 538°C 
exhibited a broad ultimate tensile strength peak over the temperature 
range 315°C to 371*C, Figure 17. The peak strength increased with 
decreasing strain rate. Load serrations were noted at 371°C and 315°C 
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for the higher and lower strain rates respectively. Very slight load 
serrations were noted at 349®C for the higher strain rate. Baird^^ 
indicated that dynamic strain aging characteristics such as temperature 
dependent peaks in the ultimate tensile stress and discontinuous yielding 
occur in steels over the temperature range 100® to 300*C. Baird and 
Jamieson^^ demonstrated that the addition of as little as 0.01 wt.% C or N 
to purified alloys of Fe-1% Cr and Fe-l%Mo produced serrated yielding up 
to 315®C when tested at a strain rate of 4 x 10~^ sec~^. They also 
reported significant increases in ultimate tensile strength extending to 
500°C for Fe-1% Cr alloys and as high as 600°C for Fe-1% Mo alloys. They 
attributed this effect to what they called interaction solid solution 
hardening produced by a reduction in the mobility of the interstitial 
atoms due to the presence of substitutional atoms having an affinity for 
the interstitials. As a consequence, dynamic strain aging effects are 
extended to higher temperatures. Klueh^® showed that interaction solid 
solution hardening was due to chromium-carbon interactions in bainitic 2k 
Cr-1 Mo steel. 
The results of the present investigation can be understood in the 
same way. The 'tempering', at 732®C, of the 'normalized' 2^ Cr-1 Mo steel 
used in this investigation would result in precipitation of M02C (M2C) as 
demonstrated by Baker and Nutting.Since one would expect Ho to exist 
in the form of a carbide and because the kinetics of the formation of the 
Cr-rich carbides (M7C3 and M23C5) are considerably slower than for Mo 
carbide formation!^ a considerable amount of Cr should remain in solid 
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solution. This was verified for 'normalized and tempered' 2%Cr-l Mo by 
Klueh^ who pointed-out, further, that considerable Mo also remained in 
solution as pre-precipitate clusters with carbon. Tempering, in the 
present work, was done at a higher temperature (28"C higher) than used by 
Klueh; this could account for more complete precipitation of the M02C. 
When viewed in the light of the results of Baird and Jamieson^l and 
Klueh^O, the dynamic strain aging observed in this work can be attributed 
to interaction solid solution hardening involving chromium and carbon. 
Room temperature mechanical property tests of bainitic 2^ Cr-1 Mo 
steel revealed no significant changes caused by pre-exposure to a coal 
slurry-H2 environment at temperatures to 482°C. It was previously pointed 
out that identical specimens exposed to argon under the same conditions of 
tine, temperature and pressure. Table 2, also showed no changes in the 
room temperature mechanical properties. This was attributed to the fact 
that at these low temperatures (482"C and lower) thermal aging is too slow 
to reveal its effects in 1000 hours or less. The only major effect the 
coal slurry-H2 environment had on the ISu Cr-1 Mo steel was corrosion of 
the surface. However, it should be emphasized that the present 
experiments were conducted with static systems. Consequently, the H2S/H2 
ratio and other species change during exposure. Therefore, the absence of 
mechanical property degradation should be considered with caution because 




Much work has been done to determine, the mechanism of sulfide scale 
formation on metals and their alloys in sulfur vapor or H2S/H2 environ­
ments. Early work by Hauffe and Rahmel,^^ Meussner and Birchenal^^ and 
later work by Mrowec et al.33»34 showed parabolic growth rate behavior in 
the formation of sulfide scales on iron and iron alloys in sulfur vapor. 
The parabolic rate behavior was generally attributed to the diffusion of 
iron cations across a growing Fei-^S scale with subsequent reaction at the 
gas phase - scale interface to form new scale. In K2S/H2 environments, 
however, parabolic growth kinetics were not observed for iron and iron 
alloys over the temperature range 250° to 600°C. Dravnieks and Samans,35 
Haycock^^ and Arm et al.^^ all described the formation of a double layer 
scale with parabolic kinetics initially and linear behavior at longer 
times. The mechanisms describing the paralinear behavior were not 
formulated in the same manner by all of the investigators. Dravnieks and 
Samans^^ used a thermodynamic argument to explain the long time linear 
kinetics. According to their model, the inner scale approached a constant 
thickness and provided a constant diffusion barrier to the outward 
diffusion of iron. Haycock^^ described the sulfidation process as 
occurring by the inward diffusion of sulfur to form a compact inner layer 
which recrystallized at its outer extremities to form a porous outer 
layer. In Haycock's model, when the rate of recrystallization equaled the 
rate of sulfur diffusion into the metal, the thickness of the inner scale 
layer become constant. Since the outer porous scale layer presents little 
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or no resistance to the diffusion of sulfur the scaling proceeds at a 
linear rate by diffusion of sulfur through the rate limiting inner scale 
layer. Arm et al.^^ et al attributed the linear growth rate to hydrogen 
produced by the iron-hdyrogen sulfide reaction. According to their 
mechanism, hydrogen remained adsorbed and reduced the number of reaction 
sites available for attack by hydrogen sulfide. Attack occurred then at 
essentially a constant number of reaction sites. They also postulated 
that the scale continuously recrystallized into a coarse porous layer 
which offered no diffusion barrier thus resulting in linear growth. 
The results of this investigation suggest paralinear growth behavior. 
However, since the coal slurry-H2 environment is not well characterized 
(i.e. the constancy of H2S/H2 etc.) speculation as to the type of 
mechanism involved will not be attempted. Nevertheless, similarities and 
dissimilarities between the present results and those observed by the 
other investigators will be noted. The scale formed on the Cr-1 Mo 
specimens consisted of two layers. The inner layer consisted primarily of 
Fe, S, Cr and Mo. The outer layer consisted of pyrrhotite with a 
composition of Feo,89-0.93 S. This is in good agreement with Haycock's^^ 
results on Fe-Cr alloys where he found Cr and Mo retained in the inner 
layer and only Feg.gj-i S in the outer layer. All the above investigators 
noted the formation of an inner scale that either approached a constant 
thickness or was very thin. The inner scale formed on the 2% Cr-1 Mo did 
not achieve a constant thickness even up to 856 hours. Haycock^^ 
postulated that the scaling process continued by the inward diffusion of 
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sulfur followed by recrystallization. Examination of Figure 30 shows the 
sulfur concentration profile in the vicinity of the inner scale - metal 
interface to be sigmoidal in shape. This indicates the inward diffusion 
of sulfur in the 2^ Cr-1 Mo steel. Observations of machining marks on the 
outer surface of the inner scale, however, ruled out recrystallization of 
the inner scale as being the mechanism of formation of the outer scale. 
The fact that these marks could be seen indicates that the outer scale -
inner scale interface was the original surface of the sample. If 
Haycock'8^^ mechamism were controlling it would be necessary for Cr and Mo 
to back diffuse from the recrystallizing portions of the scale to the 
inner scale if they were to be retained there. Haycock^^ attributed the 
retention of Cr in the inner scale to the formation of a spinel-like 
structure FeCr2S4 which was postulated to have a high negative free energy 
of formation. If back diffusion of Cr and Mo occurred then there should 
have been a time dependent enrichment of Cr and Mo in the inner scale as 
the scaling proceeded inward. Examination of Figures 30 and 31 shows that 
this was not the case. Cr and Mo occurred in the inner scale at the same 
concentrations for both the 24 hour and 856 hour scale profiles 
respectively. It must then be concluded that scale formation on the 2^ 
Cr-1 Mo steel in the coal slurry-Hg environment occurred by inward 
diffusion of sulfur and outward diffusion of iron. The most probable 
corrodent was H2S. Examination of Figure 26 shows a porous fine grained 
structure near the inner scale - outer scale interface. The Fe^-yS grains 
get larger towards the outside of the outer layer. The outer layer is not 
strongly adherent to the inner layer and is porous and cracked. 
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These observations that the outside surface of the inner layer appeared to 
be the original surface of the sample, thus ruling out recrystallization 
of the inner layer, strongly suggests that the Fe]^_yS formation reaction 
that results in the formation of the outer layer takes place at the inner 
scale - outer scale interface. Also, the apparent logarithmic time 
dependence of the scale thickness could be due to a reduction, with time, 




Bainitic 2^ Cr-1 Mo steel exhibits dynamic strain aging over the 
temperature range 315 to 427®C. The dynamic strain aging was due to Fe-Cr 
interactions and has been termed^1 interaction solid solution hardening. 
Exposures to argon gas or to a coal slurry-H2 environment for up to 1000 
hours at 427®C with or without applied stress had no effect on the room 
temperature mechanical properties. Corrosion scale formed on the specimen 
surface during exposure to the coal slurry - H2 environment consisted of 
two distinct layers. The inner layer consisted of primarily Fe, S, Cr and 
Mo and resulted frcm the inward diffusion of sulfur. The outer layer was 
shown to be pyrrhotite Feg,89-0.93 S and resulted from an outward 
diffusion of iron. The most probable corrodent was H2S. No gross losses 
of Mo or Cr from the matrix due to corrosion were noted. However, the use 
of a static reaction system with its associated change in environment 
requires that caution be used in any application of both the mechanical 
property and corrosion results. 
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Table 1. Elemental composition and heat treatment 
for A387-74A Gr.22-C1.2, 2\ Cr-lMo steel^ 
Vendor's Analyses Our Analyses 
Element Wt.% Wt.% 
Cr 2.43 2.42 
Mo 0.96 0.93 
C 0.11 0.115 
S 0.022 0.030 
Mn 0.45 0.42 
Si 0.21 0.16 
^Heat Treatment: 
Normalized, 899° - 927®C, held 1 hour per 25 mm minimum and air 
cooled, then tempered 732°C, held 3/4 hour per 25 mm minimum and 











168 260 13.8 SB, NB® 
168 482 13.8 —— SB, NB 
168 260 27.6 — —  SB, NB 
168 482 27.6 SB, NB 
168 260 13.8 317.9 ± 41.4 SB, NB 
168 482 13.8 131.7 dt 9.0 SB, NB 
168 482 13.8 285.5 ± 49.6 SB, NB 
168 260 27.6 335.1 ± 41.4 SB, NB 
168 482 27.6 131.7 ± 9.0 SB, NB 
1000 427 27.6 167.5 ± 13.8 SB, NB 
1000 427 27.6 — SB, NB 
®SB stands for smooth-bar tensile specimen and 
NB stands for notched-bar tensile specimen. 
Table 3. Coal slurry - H2 exposure conditions 
Exposure Exposure Slurry Applied Type of 
Time (Hrs.) Temperature (°C) Pressure (MPa) Stress (MPa) Specimen 
168 260 13.8 SB, NBS 
168 482 13.8 SB, NB 
168 260 27.6 — SB, NB 
168 427 27.6 SB, NB 
168 260 13.8 165.5 ± 6.9 SB, NB 
168 427 13.8 155.1 ± 11.7 SB, NB 
168 260 27.6 187.5 ± 3.4 SB, NB 
168 427 27.6 156.5 ± 6.9 SB 
856 427 27.6 170.3 ± 11.0 SB, NB 
856 427 27.6 SB, NB 
®SB stands for smooth-bar tensile specimen and NB stands for notched-bar 
tensile specimen. 









72-500 22-260 A387 12.65 ± .07 7.03 ± .04 
72-800 22-427 A387 13.37 ± .04 7.43 ± .02 
72-900 22-482 A387 13.46 ± .04 7.48 ± .02 
72-1000 22-538 A387 13.55 ± .04 7.53 ± .02 
72-500 22-260 316 SS 17.17 d: .09 9.54 ± .05 
72-800 22-427 316 SS 17.77 ± .04 9.87 ± .02 
72-900 22-482 316 SS 17.87 ± .02 9.93 ± .01 
72-1000 22-538 316 SS 18.29 ± .02 10.16 jr .01 
72-800 22-427 883 (H-13) 12.73 •± .04 7.07 ± .02 
Table 5. ASTM Specification verification tests for A387-74A-Gr, 22-C1.2, 2^ Cr-1 Mo steel 
Total Uniform 
0.2% YS (MPa) UTS (MPa) Elong™ (%) Elong. (%) Ra (%) 




(Longitudinal) 539.9 (5)» 649.5 (5) 22.5 (5) 9.3 (5) 72.5 (5) 
ASTM Specification 
Verification Tests 
(Transverse) 546.1 (4) 651.6 (4) 22.5 (4) 8.8 (4) 61.0 (4) 

















Figure 1. 316 stainless steel loading ring 
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Figure 2. ASÎM standard sample for mechanical properties specification 
verification tests 
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Figure 3. ASTM standard notch sample for mechanical properties 














0.25mm Radius of base of NOTCH 
Figure 4. Charpy V—notch sample 
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Figure 5. Smooth-bar tensile sample used in exposure tests 
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Figure 7. 'l\ Cr-1 Mo steel corrosion specimen 
Figure 8. 316 SS ring compliance coefficients as a function 
of temperature 

Figure 9. 316 SS ring deflection versus compressive load 
various temperatures 
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Figure 11. Ring-sample relaxation curves for smooth-bar and notched-bar 
tensile s£imples ring loaded in argon at 260°C. refers to 
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Figure 12. Stress relaxation curves for ring loaded smooth-bar tensile 
specimen composites tested In argon at 482°C. OQ refers to 
Initial stress in specimen. Sample material is 2^ Cr-1 Mo 
steel 
o (T =335 MPa 
0 
• (3^ =155 " 
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Figure 13. Sample stress versus time for a 2h, Cr-1 Mo steel notched-bar 
tensile sample, ring loaded at 510°C in argon 
Figure 14. Sample stress versus time for a 2^ Cr-1 Mo steel notched-bar 
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Figure 15. Microstructure near center of hot rolled plate of Cr-1 Mo 
steel. NOte the inclusions elongated in the direction of 
rolling 
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Figure 16. Charpy impact, energy versus temperature for 2!, Cr-1 Mo steel 
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Figure 17. Temperature dependence of 0.2% YS, UTS and NTS for 2^ Cr-1 Mo 
steel 
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Figure 18. Temperature dependence of ductility properties for 1\ Cr-1 Mo steel 
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Figure 19. Comparison of room temperature 0.2% yield strength for 2^ Cr-1 
Mo steel exposed to the following conditions. The number is 
plotted as the mean value and the line refers to the actual 
date spread. The conditions of exposure were: 
( 1) material as received 
( 2) 168 hrs. 260°C, 13.8 MPa argon 
( 3) 168 hrs. 482°C, 13.8 MPa argon 
( 4) 168 hrs. 260°C, 27.6 MPa argon 
( 5) 168 hrs. 482»C, 27.6 MPa argon 
( 6) 168 hrs. 260°C, 13.8 MPa argon. a = 317.9 ± 41.4 MPa 
( 7) 168 hrs. 482*C, 13.8 MPa argon. (J = 131.7 ± 9.0 MPa 
( 8) 168 hrs. 482°C, 13.8 MPa argon. 0 — 285.5 ± 49.6 
( 9) 168 hrs. 260°C, 27.6 MPa argon. a = 335.1 ± 41.4 MPa 
(10) 168 hrs. 482°C, 27.6 MPa argon. a = 131.7 ± 9.0 MPa 
(11) 168 hrs. 260°C, 13.8 MPa hydrogen - coal slurry (H-CS) 
(12) 168 hrs. 482*C, 13.8 MPa H-CS 
(13) 168 hrs. 260°C, 27.6 MPa H-CS 
(14) 168 hrs. 427°C, 27.6 MPa H-CS 
(15) 168 hrs. 260°C, 13.8 MPa H-CS, a= 165.5 ± 6.9 MPa 
(16) 168 hrs. hire. 13.8 MPa H-CS, a= 155.1 ± 11.7 MPa 
(17) 168 hrs. 260*C, 27.6 MPa H-CS, G- 187.5 ± 3.4 MPa 
(18) 168 hrs. 427°C, 27.6 MPa H-CS, 156.5 X 6.9 KPa 
(19) 1000 hrs , 427°C , 27. 6 MPa argon CT- 167.5 ± 13.8 MPa 
(20) 1000 hrs , 427°C , 27. 6 MPa argon 
(21) 856 hrs. 427*C, 27.6 MPa H-CS, 0 = 170.3 ± 11.0 MPa 
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Figure 20. Comparison of room temperature ultimate tensile strength for 
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Figure 21. Comparison of room temperature notch tensile strength for 2% 
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Figure 22. Comparison of room temperature total elongation for Ih Cr-1 Mo 
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Figure 23. Comparison of room temperature uniform elongation for 2^ Cr—1 


















Figure 24. Comparison of room temperature reduction in area of 2^ Cr-1 Mo 
steel exposed to the conditions listed in Figure 19 
Figure 25. Surface scale thickness versus time plot for 2^ Cr-1 Mo steel 
exposed to a coal slurry - hydrogen environment at 427°C and 
27.6 MPa total pressure 
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Figure 26. Corrosion scale formed on surface of Cr—1 Mo steel exposed 
for 240 hours to 427®C, 27.6 MPa coal slurry environment. 
Bulk matrix is at far left, outer scale is to the right 
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Figure 28. Electron-microprobe data of scale region for 2^ Cr-1 Mo steel 
exposed to the coal slurry liquids at 427°C and 27.6 MPa total 




• • •• Cr 














60 120 360 300 180 240 
SCAN distance 
Figure 29. Electron - Microprobe data of scale region for 2^ Cr-1 Mo 
steel exposed to the gaseous environment above a coal slurry 
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Figure 30. Electron - microprobe data of scale region for 2% Cr-1 Mo 
steel exposed to the gaseous environment above a coal slurry 
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Figure 31. Electron - microprobe data of scale region for 2^ Cr-1 Mo 
steel exposed to coal slurry liquids for 856 hours at 427®C 
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SECTION II. A NELSON CURVE FOR 2k Cr-1 Mo STEEL 
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A Nelson Curve for 2% Cr-1 Mo Steel 
Charles M. Woods, Ph.D. 
Tom E. Scott, Ph.D. 
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ABSTRACT 
Smooth-bar and notched—bar tensile specimens of normalized and 
tempered (bainitic) "3^ Cr-1 Mo steel were exposed to hydrogen gas at 5.2 
to 27.6 MPa in the temperature range from 482° to 593°C. Exposed samples 
were in three conditions: unloaded, with an applied load, or lightly 
prestrained. Applied stress, plastic deformation and increasing exposure 
times all lowered the temperature, at any given pressure, for the 
formation of hydrogen attack bubbles. The results have been plotted on 
Nelson Curve coordinates. 
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INTRODUCTION 
Hydrogen attack is a type of degradation that occurs in plain carbon 
and some alloy steels when exposed to high temperature, high pressure 
hydrogen gas. It results from diffusion of hydrogen into the steel and 
subsequent reaction with dissolved carbon to form methane bubbles along 
grain boundaries and interfaces between the matrix and second phase 
particles. It was first pointed out in 1938 by Naumann^ that hydrogen 
absorption in plain carbon steels at elevated temperatures might occur by 
the reaction 
FegC + 2H2 = CH4 + 3Fe. 
In 1961, Podgurski demonstrated that Naumann's hypothesis was 
correct. He exposed cold worked mild steel to 1 atm hydrogen gas at SOCC 
and measured the amount of hydrogen absorbed over a period of time. Then 
by an ingenious technique, he dissolved the steel in five percent 
anhydrous bromine-methanol solution and measured the gas liberated. He 
round that for every two moles of hydrogen absorbed, he got one mole of 
methane from the steel. 
Before the onset of routine use of scanning electron microscopes, 
most hydrogen attack studies were performed using various room temperature 
mechanical tests as indicators. Samples were exposed to hydrogen at 
elevated temperatures and pressures and then tested at room temperature to 
monitor such properties as impact strength, tensile strength and ductility 
parameters. The most common indicator from room temperature tensile tests 
was reduction in area (%RA). In all cases, unworked steel exposed to 
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hydrogen at high temperature would appear to be unaffected for long 
periods of time and then, after a very short additional time, lose much of 
its strength and ductility. Westphal and Worzala^ used transmission 
electron microscopy to examine bubble formation due to hydrogen attack and 
found that the incubation time, t^, (i.e. time of exposure necessary to 
produce strength and ductility losses) correlated very well with average 
bubble size. Shewmon^ postulated from his bubble growth kinetics that the 
grain boundary bubble density at 't^' must be on the order of 10^ cm"^. 
In both cases, the incubation time was attributed to the formation of a 
critical number or size of bubbles and this criterion was found to be 
independent of temperature and pressure. 
The American Petroleum Institute (API) Publication 941$ (updated in 
1977) contains diagrams introduced by Nelson in 1951.6 The Nelson Curves 
define coordinates of temperature and pressure below which carbon and low 
alloy steels can be safely operated in gaseous hydrogen environments 
without incurring hydrogen attack. Most of the data used in developing 
the curves is from petrochemical processing plant experience where the 
conditions of temperature and hydrogen pressure were not well-established. 
One of the important points, the curves illustrate, is the tendency for 
increased resistance to hydrogen attack \rtien plain carbon steels are 
alloyed with small amounts of Cr and Mo. This was noted in 1933 when 
Inglis and Andrews^ investigated the effects of elevated temperature 
hydrogen on mild steel and several Cr containing steels. The relative 
effects of Mo and Cr additions were determined by Naumann et al.& in 1938. 
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It was learned that small additions of Mo to 0.1 wt.% C steels had about 
twice the effectiveness of Cr in raising the limiting serviced 
temperature. 
Current emphasis on coal conversion process development has 
highlighted 2^ Cr-1 Mo steel as the leading candidate for pressure vessel 
constructs. Operating conditions of coal conversion reactor vessels will 
subject materials to high hydrogen pressures at elevated temperatures. 
The Nelson Curve^ for 2^ Cr-1 Mo steel in API Publication 941 was 
constructed entirely on the basis of two data points, one representing 
nitriding and the other being decarburization at 482°C in 13.8 MPa 
hydrogen. Evidence of internal bubble formation has been published in. the 
past few years. Sakai and Kaji^ reported bubble formation at grain 
boundaries in 2^ Cr-1 Mo steel exposed to 31.7 MPa at 570®C for 320 to 500 
hours. Hakkarainen et al.10 found bubble formation on grain boundary 
carbides and MnS inclusions after exposure for 480 hours in 13.8 MPa H2 at 
600°C. 
The purpose of the present investigation was to determine a Nelson 
Curve for 2\ Cr-1 Mo steel under controlled conditions. The effects of 
time, temperature, H2 pressure, applied stress and prior plastic strain 
were examined. 
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MATERIALS AND PROCEDURES 
Material 
A 19 mm thick hot rolled, normalized and tempered, plate from a 
commercial heat of Cr-1 Mo steel (ASTM designated A387-74AGr.22-Cl.2) 
was investigated. Chemical composition and mill heat treatment supplied 
by the vendor are given in Table 1. Chemical analyses run at the Ames 
Laboratory are also presented in Table 1. The heat treatment has been 
shown by several investigators^^to produce a fully bainitic 
microstructure at this gauge. 
Metallography 
Microstructures were examined in the received (normalized and 
tempered) condition and after each hydrogen exposure test. Specimens were 
prepared by mounting in copper conducting bakelite and polishing to Linde 
B (0.05 ti particle size AI2O3). Etching was done in 2% Nital solution (2% 
HNO3 in methanol) for ten seconds» Specimens were then examined by 
optical and scanning electron microscopy (SEM). 
Hydrogen Attack Tests 
Notched-bar and smooth-bar tensile specimens, Figures 1 and 2, were 
prepared from longitudinal (parallel to the rolling direction) sections of 
the Cr-1 Mo steel plate. As-machined surfaces were degreased prior to 
exposure by washing in trichloroethane followed by multiple ultrasonic 
cleanings in acetone. Groups of seven specimens each were exposed to 
hydrogen gas for one of the conditions of time, temperature and pressure 
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listed In Table 2. Each group of seven specimens was divided into three 
exposure types. Three specimens of each group were loaded under stress 
via precompressed stainless steel loading rings,two were prestrained 
(2%) in air at room temperature prior to the exposure and then exposed 
without load and two specimens were exposed with no prior strain or 
applied load. The hydrogen exposures were carried out in specially 
designed static autoclaves.13 
Scanning Electron Microscopy 
After exposure, the hydrogen pressure was vented, the vessel was 
evacuated and allowed to cool to room temperature (=24 hrs.) and the 
specimens were removed for analysis. One of the three specimens exposed 
with stress was removed from the loading ring, the threads were cut off 
from the ends and the remaining gage section was metallographically 
prepared as described previously. The same procedure was given to one of 
the prestrained samples. The rest of the samples were first tensile 
tested at room temperature and then one of the threaded grip ends was 
mounted as above. The other grip end was saved for fracturing at liquid 
nitrogen temperature. This procedure was only performed on samples 
exposed at 538°C to hydrogen or to argon at 27.6 MPa pressure. The grip 
ends were deeply notched (zhalf specimen diameter), immersed in liquid 
nitrogen and fractured by impact bending. The fracture surface was then 
examined in a scanning electron microscope. The criterion used to 
determine whether hydrogen attack had occurred was the presence of bubbles 
anywhere in the material. 
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Mechanical Tests 
Tensile specimens from all of the hydrogen and argon exposures listed 
in Table 2 were tensile tested at room temperature subsequent to exposure. 
Testing was done on an Instron TTC tensile test machine at a constant 
crosshead speed of 1.27 mm/sec. Mechanical properties determined were 
notch-tensile-strength (NTS), 0.2% offset yield strength (for smooth-bar 
samples), ultimate tensile strength (smooth-bar samples) and percent 
reduction in area (%RA). 
102 
RESULTS 
Hydrogen Attack - SEM 
SEM examination of samples frc:; tha high temperature, high pressure 
hydrogen exposures revealed the formation of small bubbles on or near 
grain boundaries and second phase particles. Exposure conditions which 
produced bubble formation are noted in Table 2 by a YES in the last 
column. Those that did not produce bubbles are denotated by a NO. 
The highest concentration of bubbles was observed near the root of 
the notch of stressed samples where the triaxiality of stress was 
greatest. Figure 3 shows a secondary electron photomicrograph of the 
notched region from a stressed (175.8 ± 39.3 tlPa) sample that had been 
exposed for 500 hours to 27.6 MPa H2 at 538°C. A high density of bubbles 
near the notch tip is evident. Figures 4 and 5 show micrographs of 
regions away from the notch. Bubbles are clearly shown to have formed 
along grain boundaries and inclusions. Figure 6 shows an electron 
micrograph of the surface obtained by fracturing the same sample at liquid 
nitrogen temperature. The fracture surface exhibits both transgranular 
cleavage and intergranular fracture. The intergranular fracture surfaces 
reveal bubbles that have formed on or near grain boundary particles. The 
fracture surface of a sample exposed for 250 hours to 27.5 MPa argon at 
538°C is shown in Figure 7 while Figure 8 shows the fracture surface of a 
sample which was not attacked after being exposed for 350 hours to 5.2 MPa 
hydrogen at 538°C. These fracture surfaces exhibited no intergranular 
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fracture. Consequently, the intergranular fracture observed on the first 
fracture surface. Figure 6, was probably caused by methane bubble 
formation on the grain boundaries. 
Samples exposed for 350 hours at 510°C and 27.6 MPa H2 and those 
exposed for 350 hours at 524°C with 13.8 MPa H2 showed some interesting 
results. The exposures at 510°C revealed only a few bubbles in the region 
of the notch of stressed samples and near inclusions in stressed or 
prestrained samples, Figure 9. No bubble formation was found in 
unstressed samples. Only stressed samples exposed at 524°C exhibited 
bubble formation. These results indicate that the rate of bubble 
formation was enhanced by prestraining or by applied stress with the 
applied stress having the greater effect. Comparison of the results of 
the 350 and 1000 hour exposures at 482°C with 27.6 MPa H2 demonstrates 
another intesting point. No evidence of hydrogen attack was observed 
after 350 hours but extending the time to 1000 hours produced attack. 
This was also demonstrated by the 100 and 350 hour exposures at 510°C 
under 27.6 MPa H2. 
The results of all the 350 hour exposures to hydrogen are plotted in 
the form of a Nelson curve in Figure 10. Results from other workers 
9,10,14 are included. The results noted above indicate that the effect of 
prestrain, stress, and extended exposure time tend to shift the Nelson 
curve to lower temperatures at any given pressure. 
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Mechanical Tests 
Results of the room temperature tensile tests are given in Table 2. 
Despite considerable scatter in the data, the samples that showed gross 
hydrogen attack (e.g., 538°C, 27.6 MPa H2) exhibited considerable loss of 
notch strength and notch ductility. It must be pointed out, however, that 
smooth-bar samples that exhibited gross attack (e.g., 538°C, 27.6 MPa H2, 




Hydrogen Attack - SEM 
Conditions of temperature and pressure at which the 2^ Cr-1 Mo steel 
exhibited hydrogen attack during 350 hours of exposure to hydrogen are 
plotted in Figure 10. The API Nelson curve for 2^ Cr-1 Mo steel is also 
plotted in Figure 10. At pressures above 13.8 MPa the present 
experimental data differ from the API Nelson Curve by about 100°C but at 
lower pressures (i.e. Pg^< 8 MPa) the data agree reasonably well with the 
estimated API Nelson curve. In the high pressure, low temperature region 
the curve is essentially flat with very little temperature dependence 
accompanying large changes in hydrogen pressure. Shewmon^ has suggested 
an explanation for this behavior. According to Shewmon's model, bubble 
growth in the high temperature region is limited by diffusion of iron away 
from the bubbles. Since the diffusivities of carbon and hydrogen are high 
and their reaction to form methane also assumed rapid, any increase in 
hydrogen pressure would result in an increase in the methane pressure 
inside a growing bubble. For plain carbon steels, Shewmon wrote 
FegC + 2H2 >CH^ + Fe. 
For the 2^ Cr-1 Mo steel, the carbides presently>^2 are M3C and M02C. 
Regardless of the carbide undergoing dissolution, the end result is the 
reaction of dissolved carbon with hydrogen to form methane, or 
C + 2H2—•CH4. 
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Assuming unit activity for the carbide and resulting metal for the 
reaction 
M3C + 2H2 » CH4 + 3M 
and taking the fugacity of hydrogen to be equal to its pressure, one gets 
Shevmon's expression for the fugacity of methane as 
2 
fcH4 = KPRg 
The corresponding increase in methane pressure with increased hydrogen 
pressure would raise the driving force for bubble growth.4 
In the low temperature region the dissolution of carbides and the 
diffusion of carbon is slower. According to Shewmon's^ model, the bubble 
should grow at a rate determined by the arrival of carbon to the inner 
surface of a growing bubble. In this case, the amount of carbon available 
at the inner surface is not that in equilibrium with the dissolving 
carbide but much less. Therefore, increasing the hydrogen pressure has 
little effect on increasing the methane pressure inside the bubble. Since 
the methane pressure is the driving force for the growth of the bubble, in 
the low temperature region bubble growth will be fairly insensitive to 
changes in hydrogen pressure. 
The validity of Shewmon's hypothesis is supported by the observations 
that stressed samples, exposed at 5iO°C in 27.6 Hra K2 and those at 524*C 
with 13.8 MPa H2, all showed bubble formation in 350 hours when exposed 
with an applied stress but no bubbles formed under these conditions in the 
absence of applied stress. The effect of applied stress can be 
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rationalized by Raj and Ashby's^^ analysis of the growth of an array of 
voids on a grain boundary due to the action of an externally applied 
tensile stress. They stated that the rate of growth of the voids on a 
grain boundary was directly proportional to the resolved tensile component 
normal to the grain boundary. Shewmon^ modified the Raj-Ashby model to 
include the internal methane pressure. In applying the stress during the 
exposure, the driving force for the growth of the bubbles is enhanced and 
the temperature for attack is somewhat reduced. 
Samples exposed to 482®C, 27.6 MPa hydrogen for 350 hours showed no 
evidence of hydrogen attack while samples exposed at the same temperature 
and pressure for 1000 hours did show evidence of bubble formation. This 
is consistent with the results on plain carbon steels presented in API 
Publication 941.5 Apparently, hydrogen attack did occur in 2^ Cr-1 Mo 
steel at 482°C with 27.6 MPa hydrogen, but the bubble growth rate was so 
slow that either the bubbles were too small or too few to be detected 
after only 350 hours. This illustrates an important point. The Nelson 
Curve determined in the present study was for 350 hour exposures. In 
order to establish the true limits of pressure and temperature below which 
2% Cr-1 Mo steel does not undergo hydrogen attack, much longer exposure 
tests need to be performed. 
The effect of cold work on hydrogen attack of plain carbon steels has 
been investigated by several authors.16-18 all cases, deformation 
prior to exposure caused significant acceleration of bubble formation and 
fissuring. In some cases, the shape and orientation of fissures was found 
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to be dependent on the prior strain.17*18 Most of the prior deformation 
was in the range of 15 to 60 percent. One investigator^? tested samples 
that had been strained as little as 5%. Even this small amount of strain 
caused enhancement of hydrogen attack with a corresponding change from 
ellipsoidal to prismatic shaped fissures. In the present study, samples 
of 2\ Cr-1 Mo were exposed after a very small room temperature prestrain 
(-2% diametrically). The prestrained samples exposed for 350 hours in 
510*C, 27.5 MPa H2 showed evidence of hydrogen attack but samples exposed 
without prestrain or applied stress did not. The bubbles that formed did 
not appear to be different from bubbles observed in other samples. 
Hydrogen attack by prestraining was probably due to either microvoids and 
microcracks acting as nucleation sites or to residual stresses left in the 
material due to the prestrain. 
Mechanical Tests 
On the whole, the room temperature tensile tests showed very little 
if any degradation of the tensile properties of 2^ Cr-1 Mo steel for the 
exposure conditions employed. Notch tensile samples exposed to 538*C. 
27.6 MPa H2 for 500 hours at a stress of about 175 MPa showed evidence of 
severe attack. This was the only exposure test that exhibited a signifi­
cant loss of notch tensile strength (15% loss) and a very significant 
decrease in reduction of area (54% decrease). All other samples that 
exhibited hydrogen attack showed small (5-15%) decreases in notch 
ductility but no significant loss of strength. Apparently, 350 hours is 
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not long enough to reach tj^, the incubation time for this material, for 
most of the exposure conditions employed. 
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CONCLUSIONS 
(1) 'Normalized and tempered' 2^ Cr-1 Mo steel exhibits methane 
bubble formation along grain boundaries and second phase particles when 
exposed to hydrogen gas at sufficient temperatures and pressures. 
(2) The shape of the curve delineating regions of pressure and 
temperature, Wiere attack does and does not occur, very closely resembles 
the estimated API Nelson curve for this material. 
(3) Even though our experimentally determined data show the estimated 
API Nelson curve to be conservative at high hydrogen pressures (>13.8 
MPa), other data indicate that longer exposure times will considerably 
narrow this gap. 
(4) Applied stress during exposure to hydrogen significantly lowers 
the temperature necessary to produce attack at high pressures. 
(5) Small amounts of cold working prior to exposure have a tendency 
to enhance hydrogen attack at high pressures. 
(6) The effects of time, temperature, pressure, stress and strain all 
appear to be consistent with Shewmon's^ model for hydrogen attack. 
(7) Samples that exhibited severe hydrogen attack underwent a 
fracture mode transition from transgranular cleavage to intergranular 
fracture when fractured at -196®C. This mode change was probably caused 
by internal methane pressure in bubbles that had formed on grain 
boundaries. 
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Table 1. Elemental composition and heat treatment 
for A387-74A Gr.22-C1.2, 2k Cr-lMo steel^ 
Vendor's Analyses Our Analyses 
Element Wt.% Wt.% 
Cr 2.43 2.42 
Mo 0.96 0.93 
C 0.11 0.115 
S 0.022 0.030 
Mn 0.45 0.42 
Si 0.21 0.16 
&Heat Treatment : 
Normalized, 899° - 927*C, held 1 hour per 25 mm minimum and air 
cooled, then tempered 732°C, held 3/4 hour per 25 mm minimum and 
air cooled. 
Table 2. Hydrogen attack exposure conditions and results of room temperature 
tensile tests and SEM examination 
Types of Temperature Pressure Time NTS %RA Applied Hydrogen^ 
Exposure Gas (°C) (MPa) (Hrs) (MPa) Stress (MPa) Attack 
No Hz 482 27.6 350 1055 20.6 No 
a H2 482 27.6 350 1031 20.7 185-149 No 
Pre E Hz 482 27.6 350 1034 17.8 No 
No Hz 482 27.6 1000 1047 20.8 Yes 
a Hz 482 27.6 1000 1040 17.4 180-132 Yes 
Pre E Hz 482 27.6 1000 1041 16.9 Yes 
No Argon 482 27.6 168 1011 26.0 
Cf Argon 482 27.6 168 1000 24.0 141-123 
No Hz 510 13.8 350 1027 21.8 No 
a Hz 510 13.8 350 1025 23.0 168-137 No 
Pre E Hz 510 13.8 350 1021 17.1 No 
No Hz 510 27.6 100 1006 24.3 No 
o Hz 510 27.6 100 1015 25.0 170-143 No 
Pre E Hz 510 27.6 100 1010 19.9 No 
No Hz 510 27.6 350 1036 22.6 No 
a Hz 510 27.6 350 1032 23.0 168-125 Yes 
Pre E Hz 510 27.6 350 1031 20.5 Yes 
a Argon 510 27.6 350 1032 24.2 166-139 — —  
No Hz 524 13.8 350 1018 24.1 No 
a Hz 524 13.8 350 1018 23.9 172-137 Yes 
Pre E Hz 524 13.8 350 1020 20.1 No 
No Hz 538 5.2 350 1040 20.8 No 
a Hz 538 5.2 350 1050 19.6 186-141 No 
Pre E Hz 538 5.2 350 1027 18.5 No 
No Hz 538 9.0 350 1031 24.5 Yes 
a Hz 538 9.0 359 1020 23.1 181-139 Yes 
Pre G H2 538 9.0 350 1027 24.6 Yes 
No H2 538 14.5 350 1023 22.2 Yes 
a «2 538 14.5 350 1038 21.4 181-139 Yes 
Pre e H2 538 14.5 350 1024 20.1 Yes 
No «2 538 27.6 168 548,662® 74.2 ? 
No «2 538 27.6 500 541,655* 75.4 Yes 
a «2 538 27.6 500 527,641* 74.2 308-123 Yes 
No H2 538 27.6 250 1025 25.3 Yes 
a Hz 538 27.6 250 1016 20.4 182-134 Yes 
Pre E Hz 538 27.6 250 1003 17.7 Yes 
No «2 538 27.6 500 1020 21.0 Yes 
o «2 538 27.6 500 883 11.0 215-136 Yes 
No Argon 538 27.6 250 1022 26.1 — 
a Argon 538 27.6 250 1030 25.3 182-139 
Pre G Argon 538 27.6 14 1033 23.7 
No Hz 566 5.2 350 1020 22.8 Yes 
a Hz 566 5.2 350 1014 21.2 172-130 Yes 
Pre E Hz 566 5.2 350 1005 21,3 Yes 
No Hz 593 5.2 350 928 25.4 Yes 
0 Hz 593 5.2 350 971 23.6 173-130 Yes 
Pre G Hz 593 5.2 350 920 22.1 Yes 
®Smooth-bar tensile specimens, numbers in NTS column are 0.2% offset yield stress and 
ultimate tensile stress. All other specimens were notched-bar type. 
^Hydrogen Attack was said to have occurred if SEM examination revealed the presence of 
bubbles anywhere in the exposed sample. 
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Figure 2. Cr-1 Mo wmooth-bar tensile sample used in hydrogen exposure tests 
Figure 3. Scanning electron micrograph showing high density of bubbles in 
region of notch for a 2% Cr-1 Mo notched-bar tensile specimen 
exposed with stress for 500 hours to 27.6 MPa hydrogen gas at 
538°C 
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Figure 4. Scanning electron micrograph of bulk region away from notch for 
specimen of Figure 3. Surface was etched with 2% Nital (-10 
sec). Bubbles are visible in grain boundaries and near inclu­
sions. (lOOOX) 
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Figure 5. Scanning electron micrograph of region A in Figure 4 at higher 
magnification (5000X). Shows bubbles in grain boundaries and 
on inclusion (bottom center) 
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Figure 6. Electron micrographs of the fracture surface of a 2^ Cr-1 Mo 
specimen exposed to hydrogen for 500 hours at 538®C and 27.6 
MPa total pressure. The fracture was obtained by impacting in 
bending at -196®C. 'A' shows an intergranular fracture region 
surrounded by transgranular cleavage. 'B' shows a higher 
magnification shot of one of the grain faces. It appears to be 
marked with bubbles 
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Figure 7. Electron micrograph of fracture surface obtained at -196®C for 
2k Cr-1 Mo Steel exposed to 27.6 MPa argon for 250 hours at 
538®C. Fracture surface was predominantly transgranular 
cleavage. No intergranular fracture was observed 
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Figure 8. Electron micrograph of the fracture surface of a 2^ Cr-1 Mo 
specimen exposed to 5.2 MPa hydrogen at 538°C for 350 
hours. The fracture was obtained by impacting in bending 
at -196°C. Fracture occurred by predominantly trans-
granular cleavage. No intergranular fracture was noted 
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Figure 9. Bubble formation near MnS stringer in Zh, Cr-1 Mo steel exposed 
for 350 hours to 27.6 MPa hydrogen at 510®C 
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Figure 10. Nelson curve for 2^ Cr-1 Mo steel delineating regions of 
temperature and hydrogen pressure where hydrogen attack 
occurred in 350 hours. The American Petroleum Institute 
curve is plotted along with results from other investigators 
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SECTION III. EFFECT OF HYDROGEN AND A COAL LIQUIFIER 
ENVIRONMENT ON FATIGUE CRACK PROPAGATION 
IN Cr-i Mo STEEL 
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Effect of Hydrogen and a Coal Liquifier Environment 
on Fatigue Crack Propagation in 2% Cr - 1 Mo Steel 
Charles M. Woods, Ph.D. 
Tom E. Scott, Ph.D. 
To be submitted to 
Metallurgical Transactions -A 
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ABSTRACT 
J integral tests were performed to determine JIC on normalized and 
tempered (bainitic) Cr-1 Mo steel. J values were obtained from deep 
cracked compact tension specimens using single and multiple specimen 
techniques. Testing was carried out in vacuum, argon, hydrogen and coal 
slurry gases at 427°C. Single specimen tests were made using an electro-
potential crack growth measurement system described in detail. Values of 
for the single specimen tests are compared to those obtained from the 
multiple specimen tests. 
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INTRODUCTION 
Dwindling domestic crude oil supplies have stimulated interest in coal 
conversion technologies. New direct conversion schemes offer high yields 
and viable methods for producing portable liquid fuels from coal. As is 
the case for any new technology, material problems of cost and compa­
tibility must be solved in order to make the new technology economically 
feasible. 2% Cr-1 Mo steel has been Identified as a prime candidate 
material for piping and pressure vessels to be used in coal conversion 
facilities. Typical applications would expose the steel to hydrogen and 
other aggressive environments at pressures up to 28 MPa and temperatures 
as high as 500°C. Thermal fluctuations and intermittent loading could 
subject pressure vessels to cyclic stresses. 
Irwin^ showed that the magnitude of stress in the vicinity of a crack 
tip depends only on the value of the stress intensity factor (Kj) which is 
a function of the applied nominal stress (o), crack length (a) and 
structural geometry (Y) as expressed by: 
Ki = f(o, a, Y) (1) 
Paris and Erdogan^ showed that fatigue crack growth behavior could be 
approximated by: 
•fl =• f(&o, a, c) (2) 
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where, 
crack growth per load cycle 
cyclic nominal stress range 
function of crack geometry and materials properties. 
Since K% is a function of the independent variables on the right hand side 
of Éq. 2, Paris-Erdogan concluded that fatigue crack growth rate should, 
by analogy with Eq. 1, be a function of the alternating stress intensity 
4 
range, AK. This ultimately led to the Paris-Erdogan fatigue crack growth 
law expressed as: 
Il = C(AK)m (3) 
where C and m are experimentally determined constants. This law has been 
shown to be valid for many materials for intermediate crack growth rates 
and the results have been reviewed. 
Fatigue crack growth influenced by environmental affects, termed corro­
sion fatigue, has been the subject of several recent reviews.Although 
the mechanisms of corrosion fatigue are not well-understood, it is 
generally thought that environmental enhancement of fatigue crack growth 
is due either to chemisorption^® at the crack tip or to some effect of 
hydrogen entering the lattice.11 In the latter case, hydrogen is 
transported by diffusion^ or dislocation sweeping^ to the crack tip 





Given the corrosion fatigue characteristics described and the 
environmental and loading conditions expected during coal liquefaction, a 
program was undertaken to compare the fatigue crack growth rates of 2%Cr-l 
Mo steel in hydrogen, coal-slurry gases, air and inert environments. The 
results obtained using fracture mechanics concepts are the topic of this 
paper. 
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MATERIALS AND PROCEDURES 
Material 
A 19 mm thick hot rolled, normalized and tempered, plate from a commer­
cial heat of 2%Cr-l Mo steel (ASTM designated A387-74A-Gr.22-C1.2) was 
investigated. Chemical composition (in weight %) and mill heat treatment 
supplied by the vendor, and independent determinations at the Ames 
Laboratory, are given in Table 1. The heat treatment has been shown by 
several investigatorsl5,16 ^.Q produce a fully bainitic microstructure at 
this gauge. 
Fatigue Testing 
Compact tension speciments (CTS), Figure 1, were prepared from the 19 
mm thick steel plate described above. The starter notch was machined 
perpendicular to the rolling direction (ASTM specification E-399, L-T type 
specimen). Specimens were precracked to initial crack lengths (a^) 
ranging from 20.6 to 21,8 mm. The precracking procedure is described in 
detail elsewhere. 
Fatigue crack growth rates (da/dN) were determined as a function of 
stress intensity range (AK) in moist air (about 30% Relative Humidity), 
partial vacuum (1.3 X 10"^ MPa), argon, hydrogen and in the gaseous phase 
above a coal slurry-Ho environment. Test conditions are listed in Table 
2. All testing was done under load control at a sinusoidal frequency of 
20 Hz and load ratio R = Pmin/Pmax = 0.1. Precracked specimens were 
loaded to a value of AK sufficient to cause crack growth. The loading was 
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carried out until the crack growth rate was uniform for a period 
sufficiently long to assume that any plasticity ahead of the crack due to 
previous overloads (i.e., precracking, etc.) would not affect the crack 
growth rate for the stress intensity range being monitored. The stress 
intensity range was then decreased in 10 percent increments and the test 
repeated until crack growth could not be detected in 2 X 10^ cycles. 
Since the crack growth was monitored by means of a DC electropotential 
measurement system^^ having a resolution of ±0.025 mm, this corresponded 
to a crack growth rate of 1.3 X 10"^ mm/cycle which was chosen as the 
stress intensity threshold (AK^g). Fatigue crack growth rates were then 
determined for larger values of AK. 
An attempt was made to measure fatigue crack growth rates in the coal-
slurry gases using the electropotential measurement system, but the coal-
slurry gases produced considerable noise and a stable potential drop 
measurement could not be achieved. This was anticipated before attempting 
the tests and ar. alternate neasursnsnt technique had beer, devised, A 
compact tension specimen was fatigued under a constant load amplitude at 
427°C in a partial vacuum (1.3 X ICT? MPa) while monitoring simultaneously 
the electropotential drop and the stroke amplitude. The crack lengths 
were calculated from the electropotential measurements and plotted versus 
the stroke amplitude recorded on a Hewlett Packared oscilloscope. The 
result was a crack length versus stroke amplitude calibration curve. The 
calibration curve was then used to measure crack growth rates in the coal 
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slurry environment by recording the number of fatigue cycles required to 
produce incremental changes in the stroke amplitude. 
All testing was done on an MTS-series 810 electrohydraulic test 
system. The MTS was outfitted with a specially designed pressure vessel 
containing a force transmission device. 
AK was calculated from; 
- (Pmax^^min) B 
where. 
Pmav = maximum load of fatigue cycle 
^min minimum load of fatigue cycle 
B = specimen thickness 
a = crack length 
w = width of the specimen 
and, 
f(a/w) = 29.6(a/w) - 185.5(a/w)2 + 655.7(a/w)3 - I017(a/w)4 + 638.9(a/w)5. 
The term f(a/w) is a measure of the specimen compliance. 
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RESULTS 
Fatigue crack growth rates determined at ambient temperature are pre­
sented in Figure 2. It is readily apparent that increasing hydrogen pres­
sure caused a corresponding increase in fatigue crack growth rates over 
those measured in vacuum. The effect of hydrogen pressure appeared to 
saturate at approximately 13.8 MPa H2. Argon and moist air also increased 
the fatigue crack propagation rate. Presumably, this was due to moisture 
present in these gases. The crack growth rates for 0.1 MPa hydrogen and 
0.1 MPa moist air were identical over the intermediate growth rate regions 
but differed in the slow growth or near-threshold region. Below a AK of 
11 MPaiE hydrogen accelerated crack growth rates more than moist air. 
All of the hydrogen tests exhibited a about 7.7 MPaVS. The 
argon and air tests had a of about 9.3 MPaV®. Although was not 
determined for tests in vacuum, a linear extrapolation of the da/dN versus 
AK data in the low AK range would place it at about 16.5 MPa>tm. 
Results of fatigue crack growth rate tests conducted at 427°C are 
shown in Figure 3. The type of behavior observed in room temperature 
tests was repeated in the higher temperature tests. However, fatigue 
crack growth rates at 427®C were higher for samples tested in similar 
environments at similar pressures. A was not determined for the 427°C 
tests. Nevertheless, the general trend of the data from the higher 
temperature tests indicate that the behavior noted for the ambient tests 
would be repeated. 
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DISCUSSION 
Most of the fatigue crack growth work reviewed in recent articles^"® 
was done in the intermediate to rapid crack growth regions (i.e. > 10"^ 
mm/cycle). Environmental effects on fatigue crack propagation in the near 
threshold region (< 10"^ mm/cycle) are not as well characterized or 
understood. Much conflicting data exists in the literature as was 
recently pointed out in detail by Ritchie^^ in his excellent review of the 
subject. 
In most steels under ambient fatigue test conditions, the intermediate 
c r a c k  g r o w t h  r a t e s  a r e  a b o u t  t h e  s a m e  r e g a r d l e s s  o f  s t r e n g t h ^ F o r  
thick plate (184 mm) normalized and tempered 2^Cr-l Mo steel, Ritchie et 
al.19 found no difference in fatigue crack growth rates (>10~6 mm/cycle) 
measured in material from near the surface (90% bainite, ®y = 400 MPa) or 
from the center of the plate (60% bainite, Oy = 300 MPa). However, they 
did observe a sztall enhancement of fatigue crack growth rates in the 
presence of hydrogen gas at a pressure of 138 kPa. Suresh et al.20 found 
similar behavior in higher strength (>500 MPa) quenched and tempered 
2%Cr-l Mo steel but the effect of hydrogen (138 kPa) was slightly greater. 
Brazill et al.21 observed the same behavior for quenched and tempered 
2^Cr-l Mo steel (cfy = 748 MPa) with crack growth rates being accelerated 
by hydrogen (at 133 kPa), water vapor and hydrogen sulfide gas. These 
observations are corroborated by the present results for the intermediate 
(>10"& mm/cycle) crack growth region. In all the cases described 
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abovel9"21, fatigue crack growth rates obeyed the Paris-Erdogan^ rate 
equation (Eq. 3). In the present work, the value of m in Eq. 3 was about 
3.3 independent of environment while C varied from 8X10"12 for tests in 
vacuum to 2.7X10"^® for the high pressure (27.6 MPa) hydrogen tests. 
For the near-threshold (É£<10~^ mm/cycle) region, Ritchie et al.19 
dN 
found little or no effect of strength on the fatigue crack growth rates in 
air for normalized and tempered 2%,Cr-l Mo steel. However, they observed 
greatly enhanced rates in hydrogen when compared to moist air or argon. 
Ritchie et al.19 also found lower values of for tests conducted in 
hydrogen than for those conducted in air or in argon. Suresh et al.20 
similarly observed lower values for quenched and tempered 2%Cr-l Mo 
steel when tested in hydrogen or in dry helium as opposed to air. The 
present studies revealed that ÛK-pjj was reduced in the presence of hydrogen 
gas but was independent of hydrogen pressure. This is consistent with the 
explanation given by Ritchie et al.l* for the effect of hydrogen on 
Moisture in air or in argon together with oxygen could produce an oxide on 
the freshly grown crack surfaces. The buildup of oxide could increase 
crack tip closure and decrease the effective AK of a fatigue cycle. Thus, 
a higher value of AK would be required to produce an effective AK 
equivalent to the AK-jg in hydrogen. 
Clearly, caution must be exercised when interpreting the effect of 
hydrogen, on AK^g. For example, freshly fatigue-cracked surfaces in 
hydrogen exhibited a decrease in the potential drop when unloaded. This 
behavior was attributed to the crack surfaces closing sufficiently to make 
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electrical contact. However, when air was admitted to the system either 
at atmospheric pressure or at a very low partial pressure (about 1.3 X 
10"7 MPa), the potential behaved differently. In atmospheric pressure air, 
there was no change in potential on unloading and in partial vacuum the 
potential drop decreased slowly to zero over a number of cycles. This was 
attributed to oxidation of the crack surfaces which prohibited electrical 
contact across the crack during unloading. 
The apparent saturation at 13.8 MPa of the hydrogen enhanced fatigue 
crack growth rates in the intermediate growth rate region has been 
observed by other investigators. R. J. Walter pointed-out to Clark^^ that 
fatigue crack growth rates in HÏ 100 steel appeared to level off at 
hydrogen pressures between 13.8 and 27.6 MPa but subsequently increased 
when the hydrogen pressure was raised above 27.6 MPa. 
Many investigators^^have shown that H2S is more potent in enhancing 
fatigue crack growth in steels than is hydrogen at the same pressures. 
Since H2S is believed to be a major constituent of the coal-slurry gases, 
one would expect higher crack growth rates in slurry gases than at the 
same pressure of hydrogen. The expected behavior was not observed. Two 
explanations appear reasonable. (1) Other species present in the slurry 
gas (eg. H2O, SO2, etc.) probably compete with H2S for absorption sites 
near the crack tip resulting in less hydrogen entering the metal in the 
crack tip region. (2) Corrosion products prevent accessibility of 
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hydrogen and H2S to the crack tip region or act, as oxides do, to prevent 
crack closure during unloading. Bolt loaded compact tension specimens of 
2%Cr-l Mo steel exposed to coal-slurry gases for long periods of time 
revealed corrosion products filling the cracks. 
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CONCLUSIONS 
(1) Hydrogen enhanced fatigue crack growth rates in the intermediate 
growth rate region in normalized and tempered 2^Cr-l Mo steel. The 
enhancement effect appeared to saturate between 13.8 and 27.6 MPa H2. 
(2) Increasing temperature increased fatigue crack growth rates in all 
environments studied. 
(3) The decrease in AK h^ in hydrogen is only apparent. The higher 
AK^H in. moist air or argon can be attributed to the formation of oxide 
wedges which increase crack closure and decrease the effective AK per 
fatigue cycle. Consequently, in hydrogen where oxides don't form the AK^jj 
appears lower by comparison. However, a hydrogen embrittlement effect 
cannot be excluded. 
(4) The unexpectedly small effect of coal-slurry gases on fatigue 
crack growth rates was probably due to (a) corrosion in the crack making 
the crack tip inaccessible to the full effects of the environment or (b) 
to the wedging action of the corrosion products in a manner similar to 
that discussed above for oxides. 
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Table 1. Elemental composition and heat treatment 
for A387-74A Gr.22-C1.2, 2k Cr-lMo steel^  
Vendor's Analyses Our Analyses 
Element Wt.% Wt.% 
Cr 2.43 2.42 
Mo 0.96 0.93 
C 0.11 0.115 
S 0.022 0.030 
Mn 0.45 0.42 
Si 0.21 0.16 
&Heat Treatment: 
Normalized, 899° - 927°C, held 1 hour per 25 mm minimum and air 
cooled, then tempered 732°C, held 3/4 hour per 25 mm minimum and 
air cooled. 
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Table 2. Fatigue crack growth rate test conditions. Ail tests were run 
in load control at 20 Hz with R=0.1 
Test Test Test Measurement^ 
TemperatureCC) Pressure(MPa) Environment Technique 
Ambient 1.3X10-7 Vacuum PD 
Ambient 0.1 Argon PD 
Ambient 0.1 30% RH AIR PD, OP 
Ambient 0.1 «2 PD 
Ambient 6.9 H2 PD 
Ambient 13.8 «2 PD 
Ambient 27.6 H2 PD 
427 1.3X10-7 Vacuum PD 
427 0.1 Argon PD 
427 0.1 «2 PD 
427 6.9 «2 PD 
427 13.8 H2 PD 
427 27.6 H2 PD 
427 27.6 Coal Slurry-H2 SAC 
apD - potential drop measurement technique, 
OP - optical microscope zeasurezent technique, 






















Figure 1. 2% Cr 1 Mo compact tension specimen (CTS) 
Figure 2. Fatigue crack growth rate curves for Cr-1 Mo steel at 
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SECTION IV. J INTEGRAL TESTING OF Cr-1 Mo STEEL USING 
AN ELECTROPOTENTIAL MEASUREMENT TECHNIQUE 
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ABSTRACT 
J integral tests were performed to determine JIC on normalized and 
tempered (bainitic) 2^ Cr-1 Mo steel. J values were obtained from deep 
cracked compact tension specimens using single and multiple specimen 
techniques. Testing was carried out in vacuum» argon, hydrogen, and coal 
slurry gases at 427"C. Single specimen tests were made using an electro-
potential crack growth measurement system described in detail. Values of 
JlC for the single specimen tests are compared to those obtained from the 
multiple specimen tests. 
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INTRODUCTION 
2^ Cr - 1 Mo Steel has been identified as a prime candidate material 
for piping and pressure vessels to be used in coal conversion facilities. 
Typical applications could subject the steel to aggressive environments at 
pressures up to 28 MPa and temperatures as high as 500®C. The thrust of 
this investigation was to determine the fracture toughness of 2% Cr - 1 Mo 
at 427°C by making use of J integral concepts and to determine if the J 
integral test itself would be sensitive to environmental conditions 
imposed on the steel. Furthermore, it was decided to develop a single 
specimen J integral test technique using an electropotential measurement 
system for monitoring crack growth. 
The J integral, developed by Rice^, has been investigated 
extensively2~23 over the past decade and it has been demonstrated that 
fracture toughness values can be determined from specimens exhibiting 
gross crack tip plasticity. The J integral allows the use of specimens 
much too small to meet the plain strain conditions necessary for linear 
elastic fracture mechanics tests. 
The J integral as formulated by Rice^^ for the two dimensional case 
is given by the expression -
J (Wdy - TOu/3x)ds) (I) 
161 
where, 
W = strain energy density 
r = any path surrounding the crack tip 
T - traction vector defined by an outward normal along r 
u = displacement vector 
s = arc length along F• 
Ricel showed J to be path independent thereby demonstrating its use 
as a field parameter for describing the crack tip region. He also showed 
that J could be expressed as the potential energy difference between two 
identically loaded specimens of unit thickness having similar crack sizes. 
For the linear elastic case, J is equivalent to G the energy release rate 
per incremental crack growth, or crack driving force. The definition -
- - f  
where, 
U = potential energy 
and, 
a = crack length. 
led to Landes and Begley's^»^ original development of J as a fracture 
criterion. Rice et al.5 then showed that J could be calculated from the 
area under the load vs load line displacement curve. For the compact 
tension specimen, J was given as -
7A 
•J = Bb (3) 
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where, 
A = area under P vs 6 curve 
B = specimen thickness 
b = remaining uncracked ligament length. 
Merkle and Corten^S later modified this relationship to include the 
effects of applied tensile components on the compact tension specimen. 
Landes and Begley^ made use of equation 3, and together with the R curve 
analysis concept devised the multispecimen test. Based on the results of 
several round robin tests a valid technique, with all the appropriate 
specimen size and data constraints was formulated.26,27 
Several single specimen techniques have also been tested.They 
all involve measuring the crack length as the crack grows during a 
monotonie loading cycle in order to generate a set of data equivalent to 
that generated by the multispecimen test. This was the approach taken in 
this investigation. The crack growth was monitored using an electro-
potential measurement system. The electropotential measurement system was 
patterned after those described by Ritchie and Bathe,28 Clark and 
Knott,29 and others.2 
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MATERIALS AND PROCEDURES 
Material 
'Normalized and tempered' (bainitic) 2^ Cr-1 Mo steel* in the form of 
a 19mm thick hot rolled plate was used in this investigation. The 
material's chemical composition (in weight %) and mill heat treatment 
supplied by the vendor, and independent determinations at the Ames 
Laboratory, are given in Table 1. The heat treatment has been shown by 
several investigators^^to produce a fully bainitic microstructure in 
the steel at this gauge. 
Electropotential Measurement System 
An electropotential measurement system for monitoring crack growth in 
dynamically loaded compact tension specimens was constructed. The system 
incorporated a constant current DC power supply and a digital voltmeter 
interfaced to a printer as shown in Figure 1. To eliminate thermal 
potentials, measurements across the crack were made at preset intervals 
with a five amp DC current switched on and off. The difference between 
the two measurements was taken as the true potential drop across the 
crack. 
The system was calibrated using compact tension specimens prepared 
from the 2k Cr-1 Mo steel as sho™ in Figure 2. The starter notch was 
machined perpendicularly to the rolling direction.** Two specimens were 
* A387-74AGr.22-C1.2. 
** ASTM specification E-399, L-T type specimen. 
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precracked in load control, at a sinusoidal frequency of 20 Hz and an 
R = Pmin/Pmax = O.I, to a total crack length, 'a*, of 21.6 and 33.8 mm 
respectively. The maximum load criterion was taken to be -
VT \ 
Pmax <. 0.002E \f (a/w)y 
where, 
E = Young's modulus 
B = specimen thickness 
W = width of specimen 
and, 
f(a/w) = 29.6(a/w) - 185,5(a/w)2 + 655.7(a/w)3 - 1017(a/w)4 +628.9(a/w)5 
is a measure of the specimen compliance. Pmax, for each of the two 
specimens, was chosen as the greatest value of load that satisfied the 
inequality at 'a' equal to 21.6 and 33.8 mm, respectively. 
Electrical current and potential drop leads were attached to the 
specimen as shown in Figure 3. The leads were attached to small screws 
that X'Zsre inserted into the threaded holes of fixed depth in the specimen. 
Each specimen was cycled in air at ambient temperature for AK values 
never exceeding 44 MPa vTm" in order to achieve reasonable crack growth 
rates. A K was calculated from -
f (a/w) 
AK = (Pmax-Pmin) B N a 
The load cycling was stopped periodically and the crack size was 
measured on the surface of the sample using a traveling microscope. A 
similar calibration was performed on two specimens (a^ = 20.6 mm) at 
427°C. One specimen was tested in argon gas and the other in hydrogen. 
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Periodically the potential drop was noted and a marker cycle was employed 
to delineate the position of the crack front. After considerable crack 
extension, the specimens were cooled to liquid nitrogen temperature and 
fractured. The crack growth increments for each potential drop increment 
were then determined by measuring the distance between markings with a 
traveling microscope. 
Results of the calibration tests are presented in Figures 4 and 5. 
The dependence of the change in potential drop, Va/Vag, with change in 
crack length, a/a^, was found to be linear at both temperatures and 
appeared to be independent of initial crack length The linear 
dependence was consistent with the results of Ritchie and others. 
The lower slope for the higher temperature (427°C.) curve was unexpected 
and is presently not well-understood. One would expect the normalized 
curves to be quite temperature insensitive. 
Since the sensitivity of the multimeter was ± 0.1 pV, the resolution 
of crack growth was ± 12.7 ym. The system stability was found to be 
better than ± 0.2 yV per day. 
JjC Tests 
Four compact tension specimens were precracked to a crack length of 
30.5 mm each. The specimens were then heated to 427°C. in argon and 
pulled in stroke control at 3.3 X 10~2 mm/sec to a predetermined value of 
'J*. *J' was calculated using a modified Merkle-Corten^® relationship 
given as -
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1 +a 2A 
J =" 1 +a^ Bb 
where, 
a= f(a/b) = 2((a/b)2 + (a/b) + - 2(a/b + %). 
In this case, the crack extension was marked by heat tinting in air at 
500*C. The specimens were then pulled apart at liquid nitrogen 
temperature and the crack extension, * A a', was measured. The value of Aa 
recorded was taken to be the point of maximum crack extension measured 
from the fatigue precrack. Each value of J was then plotted vs. its 
corresponding crack growth increment 'A a'. A blunting line was plotted 
and the intersection of the two lines was taken to be Jjq. The blunting 
line was defined as -
J = 2 o flow A a 
where. 






JlC = ^IC ~ E Kjc 
v = Poisson's ratio 
Kic = plane strain, static loading, critical stress 
intensity factor 
Gic = plane strain energy release rate per increment 
of crack growth. 
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The above baseline data were compared to a method for determining 
values using a single specimen technique as described in the following. A 
precracked ccmpact tension specimen was loaded in stroke control at 3.3 X 
10~2 mm/sec and pulled to a predetermined value of J. Measurements of the 
load, leadline displacement and potential drop were simultaneously 
recorded. A typical test record is shown in Figure 6. The slow rise in 
potential drop was probably due to plastic deformation ahead of the crack 
tip. The abrupt increase in potential corresponded to an abrupt decrease 
in load and most likely indicated initiation of fracture. This is further 
supported in the following section. The specimen was unloaded, heat 
tinted, cooled in liquid nitrogen and fractured. The crack extension 
'Aa^Qtaj' was measured. As was observed in the potential drop calibration 
test, a calculated and corresponding J values were determined as 
previously described and plotted vs. Aa. Similar experiments were 
performed on specimens precracked to 30.5 mm and tested at 427®C in 0.1 
MPa argon, 0.1 MPa hydrogen and in a partial vacuum (1.3 x ICT? MPa). 
It was noted that the onset of a load drop during testing occurred 
simultaneously with a potential drop increase as shown by 'A* in Figure 6. 
In this case, J was calculated for the portion of the test up to the load 
drop. For all the specimens tested, the value of J at the load drop 
turned out to be equal to Jjq as calculated from the multiple as well as 
single specimen tests. To see if this result was a general phenomenon or 
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just a consequence of the stroke rate or initial crack size, three 
additional specimens were tested. The specimens were precracked to 34.3 
mm and tested at 427°C. One specimen was pulled in a partial vacuum at a 
stroke rate of 6.6 X 10~2 mm/sec and the other two specimens in 0.1 MPa 
hydrogen at a stroke rate of 3.3 X 10~2 mm/sec^ As before, Jtq calculated 
from the sinj;le specimen technique matched the value of J up to the load 
drop. 
In an attempt to determine Jjc in a coal slurry - H2 environment, we 
found that the ^-ectropotential measurement technique could not be used 
because of excessive electrical transients. Therefore, we relied on the 
load drop technique only. A precracked (32.5 mm) compact tension specimen 
was pulled in the gaseous phase above a coal slurry - H2 environment at 
427°C and 27.6 MPa total pressure. 
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RESULTS 
Results of all of the Jjq tests are presented in Table 2. Samples 1 
- 4 made up the multiple specimen test. Samples 5-10 wrre single 
specimen tests analyzed using the potential drop technique. As snown in 
the table, each test exhibiting a load drop was also analyzed using the 
load drop technique. Sample 11 was tested in coal-slurry gases and was 
analyzed using only the load drop technique. All of the Jjq results, 
regardless of the environment, initial crack length, stroke rate or 
evaluation procedure fell within i 14% of the mean Jjq value. The 
agreement between the three analysis techniques was remarkably good. As a 
consequence, the variation on Kjq was only ± 7%. These results were 
excellent since the normal scatter band for K^C values from like steels is 
on the order of ± 15%.% 
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DISCUSSION 
The observation that the Jjc values agreed so well for the load drop 
and potential drop methods coupled with the observation that the load drop 
occurred simultaneously with a potential drop increase indicated very 
strongly that crack initiation and load drop occurred together. This was 
also found to be the case for A533 steel tested by Landes and Begley^. 
The values of Jjc and Kjc determined in this investigation agreed 
very well with values determined by other investigators. Landes and 
McCabe^^ determined Kjg for Cr-1 Mo steel to be 217 MPa-fm"at 454°C 
in argon. This agrees exceptionally well with our average value of 212 
MPa V? at 427®C. Iwadate^^ reported values of Kjq between 220 to 275 
MPa^'fm' at around 177°C, also in air. He showed lower yield strength 
material to have lower fracture toughness. These values agreed very well 
with Landes' values for the same temperature range. Landes showed that 
the fracture toughness decreased with increasing temperature from 285 
MPaTm" at 177°C to the value of 217 MPa^Tm" reported above. Therefore, all 
these data appear to be consistent with the present results. 
Present and Kjç results determined at 427°C in partial vacuum, 
0.1 MPa argon, 0.1 MPa hydrogen and coal slurry - H2 gases at 27.6 MPa 
total pressure were found to be essentially the same. This result was not 
very surprising when the nature of the test is examined. Jjc testing is 
done by rapidly applying a monotonie load. The result is rapid stable 
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crack growth that doesn't lend Itself to environmental effects because of 
the relatively slow attack of the environment when compared to the crack 
growth rate. It is analogous to the environmentally insensitive rapid 
crack growth region of fatigue crack propagation. 
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CONCLUSIONS 
(1) Normalized potential drop is a linear function of normalized 
crack length over the range of crack lengths examined for the compact 
tension specimen geometry and probe placement used in this study. The 
slope of the potential drop calibration curve decreased at high 
temperature but the curve still remained linear. 
(2) The single specimen electropotential drop technique for the 
determination of Jjg is a reproducible viable alternative to multiple 
specimen tests. 
(3) The point of load drop for the J tests corresponded to crack 
initiation in the 23% Cr-1 Mo steel and therefore appears to be a second 
viable alternative to multiple specimen tests for this material. 
(4) The results of J integral testing appeared to be insensitive to 
the different environments tested in this study at 427°C. Evidence in the 
literature tends to show that decreased fracture toughness with increasing 
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Table 1. Elemental composition and heat treatment 
for A387-74A Gr.22-C1.2, Cr-lMo steel* 
Vendor's Analyses Our Analyses 
Element Wt.% Wt.% 
Cr 2.43 2.42 
Mo 0.96 0.93 
C 0.11 0.115 
S 0.022 0.030 
Mn 0.45 0.42 
Si 0.21 0.16 
&Heat Treatment: 
Normalized, 899" - 927°C, held 1 hour per 25 mm minimum and air 
cooled, then tempered 732"C, held 3/4 hour per 25 mm minimum and 
air cooled. 
Table 2. test results 
Sample Test Test J^g-LD* Kj^-LD® Jjq-PD^ Kjq-PD^ Initial Stroke Rate 
# Environment Press. (MN/m) (MN/m 3/2) (MN/m) (MN/m 3/2) Crack (mm) (10~2 mm/sec) 
(MR) 
1 Argon 0.1 (No load drop up to JxoT = 0.185 MN/m) 30.48 d 
2 Argon 0.1 .212 212 ——— 30.48 d 
3 Argon 0.1 .206 209 — —  — —  30.48 d 
4 Argon 0.1 .240 225 ~— 30.48 d 
1-4 Argon 0.1 .194 MSC 202C — 30.48 d 
5 Argon 0.1 .194 202 .196 204 30.48 3.3 
6 Vacuum 10-7 .232 222 .241 226 30.48 3.3 
7 H2 0.1 .209 211 .212 212 30.48 3.3 
8 Vacuum 10-7 .205 209 .211 211 34.29 6.6 
9 «2 0.1 .208 210 .212 212 34.29 3.3 




205 .212 212 34.29 3.3 
11 Slurry H2 27.6 .210 211 32.51 3.3 
^LD - Load drop methods of analysis for single specimen test. 
1>PD - Potential drop method of analysis for single specimen test. 
'^MS - Multiple specimen analysis technique. 
^Test conducted on a Baldwin Southwark Tensile machine with no provision 
for measuring stroke rate. 
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Figure 3. Compact tension specimen showing position of excitation and 
potential drop leads 
Figure 4. Room temperature normalized potential 
calibration curve for 2^ Cr-1 Mo, .75 
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drop versus crack growth 
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Va = instantaneous potential drop 
Vao = initial potential drop 
0= instantaneous crock length 
ao=initial crock length 
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Figure 5. 427'C normalized potential drop versus crack growth calibration 
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LOAD LINE DISPLACEMENT 
Figure 6. Typical load, load point displacement and electropotential drop 
test record for determining J^C 
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SECTION V. APPENDIX 
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EXPERIMENTAL FACILITIES 
Hydrogen Test Facility 
In order to conduct the exposures safely, it was necessary to build 
a test facility capable of automatic and remote control of temperature and 
pressure. Since the possibility existed that significant amounts of 
hydrogen gas might escape and present an explosive situation, it was 
decided that a building consisting of a series of isolated bomb cells be 
constructed. One pressure vessel was installed in each of four cells. 
Air-driven remote control valves were used to control the pressure. The 
valves were controlled by a pressure controller sitting external to the 
bomb cell. The pressure controller monitored the internal pressure of the 
vessel by means of a strain gage pressure transducer. High and low 
setpoints could be programmed into the controller to control the pressure 
between these limits. Each vessel was housed in a furnace that was 
controlled by a temperature controller external to the bomb cell. A 
schematic diagram of the vessel and control systems is presented in Figure 
1 .  
Loading Rings 
As was described in Section I, tensile samples were exposed to the 
coal slurry environment under various conditions cf time, temperature and 
hydrogen pressure. Some samples were exposed with an applied stress. The 
stress was applied via stainless steel loading rings. Figure 2. Samples 
were loaded into the rings at room temperature and placed into the 
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pressure vessel for subsequent equilibration to given exposure conditions 
of temperature and pressure. As the ring-sample-composite. Figure 3, was 
heated from room temperature to the exposure temperature, certain changes 
took place. These changes needed to be quantified in order to calculate 
the stress in the sample at the exposure temperature. The sample and the 
ring thermally expand at different rates. The ring compliance coeffi­
cient, 'k' (the slope of compressive load vs. ring deflection), and the 
Young's modulus, 'E', of the sample both decrease with increasing 
temperature. 
The load exerted on the sample by the ring at some temperature of 
interest was derived for any given initial room temperature ring deflec­
tion as described here. Figure 4 shows a schematic representation of the 
ring-sample loading sequence at room temperature. 'D' is the initial ring 
diameter and 'Lg' is the actual length of specimen affixed across the 
minor axis of the elliptically deflected ring. 'A* shows the system 
before loading while 'B' shows the system with the ring deflected by means 
of an externally applied load. The specimen is fastened to the ring at 
this point by means of a nut, the externally applied load is removed and 
the system is allowed to reach static equilibrium as shown in 'C'. Figure 
4-C shows that -
D = Lg + AL +AD (1) 
where, D = initial ring diameter 
Lg «= sample length loaded into ring 
AL = sample elastic elongation due to applied load 
AD = ring deflection. 
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At equilibrium -
F y  t g  0  
or - ?! = F2 
where, Fj = force exerted by the sample on the ring 
F2 = force exerted by the ring on the sample. 
F2 can be expressed as -
F i  = 0  A  
where, o = stress in the specimen 
A = specimen gage cross-sectional area. 
a can be expressed as -
0 = Ee 
and E as -
A 1 
where, E = Sample's Young's modulus 
e = strain in sample 
Ig = length of strained portion of sample. 




F2 can be expressed as -
F2 = k A D 
where, k = ring compliance coefficient 
AD = ring deflection. 
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Combining equations 2, 6, and 7 yields -
^ = kAD. (8) 
Le 
Substituting equation 1 for AL and rearranging leads to -
AE/le (D - L ) 
AD — . (9) 
k + ^  
le 
Equation 9 relates the equilibrium ring deflection to the ring 
compliance coefficient. Young's modulus of the sample, ring diameter and 
the actual length of specimen loaded in the ring (L^). AD can be 
determined by measuring the ring diameter before and after loading. Since 
Lg is the length that will thermally expand upon heating, it is therefore 
necessary to know its value in order to calculate the elevated temperature 
equilibirium mechanical condition. Rearranging equation 9 gives -
L ^  =  D _ a d - ^  .  ( 1 0 )  
Figure 5 shows a schematic respresentation of the ring-sample 
composite at room temperature and at high temperture under conditions of 
statis equilibrium. and D^ are the thermally expanded sample length 
and ring diameter respectively and are given by -
^sT = Lg (1 + ÛT) (11) 
and. 
D^ = D (1 +ct^A T) (12) 
where, = sample average thermal expansion coefficient over 
AT of interest 
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otj = ring average thermal expansion coefficient over 
Û T of interest 
AT = difference between high temperature of interest and 
roan temperature T -
Determination of the a's Is described later in this manuscript. From 
figure 5-B, it can be seen that -
— LgT + A (13) 
where, AL-j- = sample elastic elongation due to applied load at high T 
AD^ = ring deflection at high T. 
At static equilibrium the sum of the forces in any one direction must 
be zero, therefore -
AjEIJAL'P 
=  k f A D ?  ( 1 4 )  
1 E T 
where, A-j = A (1 + «g AT)^, thermally corrected sample gage area 
Ef = Young's modulus of sample at T 
IçT = Iç (1 4- A T), thermally corrected sample gage length 
= ring compliance coefficient at T. 
Substituting equations 11 through 13 into 14 and rearranging gives -
AtET (D - Lg + oij. DAT - OgLgAT) 




From a measurement of the room temperature deflection the ring 
deflection at any temperature of interest can be found with equation 1 5 .  
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The load exerted on the sample by the ring at the temperature of interest 
becomes -
P = kj-ADT, (16) 
and the stress in the sample is therefore given by -
0= P/Ax (17) 
To make use of equation 15 it was necessary to determine the parameters 
involved. 
Determination of a's 
In order to determine the average thermal expansion coefficients for 
2^ Cr-1 Mo steel and 316 stainless steel, a quartz thermal expansion rig 
was built. Figure 6. The thermal expansion rig incorporated a capacitance 
gage dilatometer capable of resolving 3 x 10"^mm of expansion. The 
furnace contained a large mass of brass as a heat sink. The temperature 
could be stabilized to better than ±1°C. The average thermal expansion 
coefficients were calculated from -
A1 
= = lAT (18) 
where, A1 = change in length of the specimen over the temperature 
interval AT. 
1 = original length of the specimen at room temperature. 
Standardization of the quartz thermal expansion rig was done in the 
following way. Figure 6 shows the thermal expansion rig at room tempera­
ture and again at some AT above room temperature. From 6-B it can be seen 
that — 
Aim = Alg + Al2 - All (19) 
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where, = measured deflection 
Alg = thermal expansion of specimen 
AI2 = thermal expansion of center quartz rod 
Alj = thermal expansion of outer quartz tube. 
Equation 19 can be written in terms of the thermal expansion 
coefficients of the sample and the quartz, making up the thermal expansion 
rig, by use of equation 18. Equation 19 becomes -
Aim = OglgAT + 01QI2AT - OQIJAT (20) 
where, otg = average thermal expansion coefficients of specimen 
over AT range of interest 
= average thermal expansion coefficient of quartz over 
AT range of interest. 
From 6-A, it can be seen that -
Is = ll - I2. (21) 
Inserting equation 21 into 20 gives -
~ GglgAT -ciQlgAT. (22) 
Solving equation 22 for a g gives -
Al. 
and rearrangements yields -
IgAT 
+ =Q (23) 
*Q = *s (24) 
I g A T  
High purity copper, for which the thermal expansion characteristics 
are very well known,^ was used as a standard to calibrate the thermal 
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expansion rig (i.e., determine the aq's). The average thermal expansion 
coefficients were determined for 2^ Cr-1 Mo steel and 316 stainless steel 
over several temperature ranges (ÛT's) of interest. The results are 
presented in Table 1. 
Determination of Ring Compliance Coefficients 
Ring deflection vs. compressive load calibration curves were 
determined at various temperatures ranging from room temperature to 538'C. 
Figure 7 shows a schematic illustration of the load cage and measuring 
system used to measure the ring deflection as a function of load. Results 
are plotted in Figure 8. The slope of each calibration curve was computed 
and plotted versus temperature. The results are presented as ring 
compliance coefficients versus temperature in Figure 9. 
Determination of Young's Modulus 
The temperature dependence of Young's modulus for 2^ Cr-1 Mo steel 
was taken from the literature. Hammond et al.2 expressed the temperature 
dependence of the modulus with the polynomial -
E(T) = 30.09 X 106[l-0.120961 x 10-3(T-TO)-0.7202 X lO"? 
(T-To)2 - 0.57 X 1C-10(T-To)3] (25) 
where, T = Temperature of interest in ®C 
Tq = 23°C 
An estimate of the modulus was obtained from the corrected slopes of the 
elastic portions of load elongation curves run at various temperatures 
ranging from room temperature to 538®C. The correction was made by 
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subtracting point for point from the load elongation curves a machine 
stiffness calibration curve. The agreement between results calculated 
with Hammond's polynomial and the results obtained from the load elonga­
tion curves was reasonably good as is shown in Figure 10. 
Validation of Ring Equations 
Having all the information presented it was now possible to employ 
equation 15. In order to test the validity of equation 15, another 
thermal expansion rig was constructed similar to that of Figure 6 but 
large enough to contain a ring-sample composite. The new rig incorporated 
the capacitive gage transducer described earlier and had the same 
stability characteristics as the other test rig. A ring-sample composite 
was loaded at room temperature to a known value of AD. The ring-sample 
composite was placed in the thermal expansion rig and allowed to come to 
equilibrium at 482'C. The composite expansion was monitored and the 
system allowed to cool to room temperature. The experiment repeated 
five times at 482°C and then five times at 260°C. The experimentally 
determined results agreed to within ±0.004 mm with the calculated results. 
Composite relaxation curves were determined at various temperatures 
and initial stress levels. Results are shown for smooth-bar samples in 
Figure 11 and 12, The relaxation was attributed to creep in the specimen 
gage section. Fiducial marks were machined in the specimen gage section. 
The spacing between the marks was measured with a Gaertner Toolmaker's 
microscope having a resolution of 0.001 mm. The composite was placed in 
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the thermal expansion rig and allowed to equilibrate to some temperature 
of interest. The composite diameter was monitored for a period of time 
(-200 hours) and then the system was allowed to cool to rocm temperature. 
The system relaxation was measured three ways. The room temperature 
ring-sample composite diameter was measured before and after the test. 
The fiducial marks on the specimen gage section were measured before and 
after the test. These values were compared to the composite diameter 
change measured by the thermal expansion rig at temperature and at room 
temperature. All three values agreed to within ±0.003 mm. The ring 
diameter was measured before and after the test and no difference was 
found. 
The time dependent stress in the sample was calculated from equations 
16 and 17 where in equation 16 was allowed to decrease with time by 
the amount of creep measured by the thermal expansion rig. Typical stress 
relaxation curves for notched-bar tensile specimens are presented in 
Figures 13 and 14. 
It should be noted here, that the same tests were performed on a ring 
alone and a sample alone for the the same conditions of time and tempera­
tures as the relaxation tests. No time dependent length changes were 
noted at any of the temperatures tested. Therefore, any changes measured 
in the relaxation tests were entirely due to composite relaxation. 
Using the values determined, it was then possible to load tensile 
specimens in loading rings at rocm temperature and calculate the stress 
that would act on the sample at a higher temperature. At the end of an 
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exposure test, the room temperature ring deflection was measured and the 
stress at the higher temperature calculated. The stress during the course 
of an exposure test was then determined to be the mean of the initial and 
final calculated stresses bounded by half the difference between the two 
values. 
Calculation of Phase Stability Diagrams 
As stated previously, the environment present inside a coal-slurry 
dissolver vessel is very complex and not well-characterized. Phase 
stability diagrams were constructed from thermodynamic data^"^ for the 
elements Fe, Cr, Mo and Mn in O-H2S/H2, C-H2S/H2 and C-0 environments. It 
was thought that, if any corrosion products that formed on the 2^ Cr-1 Mo 
steel during the course of an exposure to the coal-slurry-H2 environment 
could be identified, then the relative magnitudes of the chemical 
activities of the corrosive species could be deduced from the diagrams. 
The stability of a phase that can exist in equilibrium with its 
surroundings can be calculated in the following manner making use of the 
Gibb's free energy function. For any reaction of the form: 
VjI K-i + ^ r2 ®-2 ...—fevpi Pi + \'p2 ?2 ••• 
the change in free energy for the reaction can be expressed as: 
^^RXN ^pi Gpi ^ri ®ri ^26) 
where, 
V4 = stoichiometric coefficients 
Gi = molar free energy of species i. 
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If we then define a standard state temperature and pressure. Equation 26 
can be rewritten as follows: 
o,Tb i /T i rT 
'^"RXN ^ \ ^Pi dT) - E \ ("Sri ^ T) 
TB TB 
Z Ç V dPpi - E ^ V dPri + AGm (27) 
PB PB 
"^ B 
where, = free energy change for the reaction at seme standard 
: 
Tb and Pg 
Tb,Pb = standard state T and P, Tg = 298®K, Pg = 1 atm 
•T 
(-SdT) = temperature correction term for deviations from 
T{, 
standard state to T of interst 
c \ V dP = pressure correction term for deviation from standard 
PB 
state to P of interest 
= free energy of mixing. 
O»TB 
If we 1.) combine the temperature correction terms withAGgjjN » 
2.) use as the equation of state PV = n RT for gaseous elements, 
and 3.) neglect the effects of compressibility terms for all condensed 
species. 
Equation 27 bsccnes -
o,T 
AG RXN ^^RXN + RT ( ZVpi In P - E In P) + AG^ (28) 
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o,T 
where, ^GgxN ~ free energy change for the reaction at temperature, T, 
and standard state pressure, Pg. 
The second term in Equation 28 expresses the sum of the pressure 
correction terms for all gaseous species. The third term, AGg^, can be 
expressed in the following way: 
where a.^ is the activity of component i. 
The activity of any gaseous species in a mixture of gases can be 
written as the product of the mole fraction of that gas, times an 
activity coefficient, which describes the behavior of the gas with 
concentration. 
The free energy of mixing for the gas can now be expressed as follows: 
AGm = RT (E Vpi In api - Zv-j In a^i) (29) 
^i gas ~ ^ i^i (30) 
(31) 
Combining Equation 31 ijith the pressure correction tars for the gas 
results in the following equality: 
Vi RT InYiNi + RT In P = RT In Y^Ni P 
where, Y^N^ P = P^ = partial pressure of gas i. 
Substituting Equations 29 and 32 into Equation 28 yields -
(32) 
o,T 
AGRXN + RT ( Z V pi In Ppi - E v ri In Pri) 
+ RT ( E Vpi In api - S v^i In a^i) (33) 
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The second tenu in Equation 33 denotes the sum of the combined 
pressure correction and free energy of mixing terms for all gaseous 
species. The third term in Equation 33 denotes the sum of the free energy 
of mixing terms for all condensed species. 
Applying Equation 33 to the reaction -
3Fe + 2O2 
gives -
o,T 
^^RXN ~^^Fe 0 ~ 2RT In Pg + RT (In apg q - 3 In ap^) . 
3 4 2 3 4 
combining terms -
OjT ^Fe-0. 
^Grxn =AGFe20^ + RT In — 
(ape) (^0 ) 
2 
o,T 
where, AGyg q = free energy of formation of FegO^ at temperature T. 
3 4 
Assuming unit activity for Fe and FegO^, and assuming equilibrium 
conditions (i.e. AGg^N ~ 0) one obtains -
o,T 1 
AGpe 0 ° -RT In 
 ^* (P02) ' 
o,T 
or, AGpe 0 =" 2RT In Pq . (35) 
3 4 2 
Equation 35 allows the calculation of the partial pressure of O2 above 
which FegO^ will form (i.e. AGgxjg<0). 
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Following with the outlined procedure it is possible to calculate the 
equilibrium thermodynamic phase stability boundaries between phases of 
interest at any temperature. 
Phase stability diagrams were constructed for Fe, Cr, Mo, and Mn in 
O-HgS/Hg, C-H2S/H2» C-0 environments at 427°C. They are presented in 
Figures 15-24. It must be noted that these diagrams only represent 
predictions of phases that can exist at equilibrium at the temperature and 
partial pressures of the species Indicated. Kinetic factors may totally 
inhibit the phases predicted from the equilibrium thermodynamics. 
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Tal)le 1. Thermal expansion data 
Temperature Thermal Expansion 
Range Material Coefficient 
(°F) (°C) wm/m/°K (p in/in/^F) 
72-500 22-260 A387 12.65 ± .07 7.03 ± .04 
72-800 22-427 A387 13.37 ± .04 7.43 ± .02 
72-900 22-482 A387 13.46 ± .04 7.48 ± .02 
72-1000 22-538 A387 13.55 ± .04 7.53 ± .02 
72-500 22-260 316 SS 17.17 ± .09 9.54 ± .05 
72-800 22-427 316 SS 17.77 ± .04 9.87 ± .02 
72-900 22-482 316 SS 17.87 dt .02 9.93 ± .01 
72-1000 22-538 316 SS 18.29 ± .02 10.16 ± .01 








































































Figure 2. Stainless steel loading rings used to apply load to samples 
during exposure tests 
•» 
A387-74A-Gr.22-CI.2 
316 Stainless Steel Nut 












Figure 4. Schematic representation of loading sequence for affixing 
tensile samples into loading rings at room temperature prior 
to exposure tests 
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Figure 5. Thermal expansion of ring-sample composite 
Figure 6. Quartz thermal expansion rig for determining the mean thermal 
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Figure 7. Load cage and measuring system used in the determination of 
loading ring compliance coefficients 












Figure 9. 316 SS ring compliance coefficients versus temperature 
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Figure 10. Young's modulus versus temperature for 2^  Cr-1 Mo steel as 
calculated from Hammond et al.2 polynominal and as measured 












Figure 11. Ring-sample relaxation curves for smooth-bar and notched-bar 
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Figure 12. Stress relaxation curves for ring loaded smooth-bar tensile 
specimen composites tested in argon et 482°C 
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Figure 13. Sample stress versus time for a 2^  Cr-1 Mo notched-bar tensile 
specimen, ring loaded at 510°C In argon 
Figure 14. Sample stress; versus time for a 2%; Cr-1 Mo notched-bar tensile 
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Figure 15. Phase stability diagram; Fe-C-H2S/H2 at 427®C 
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Figîire 16. Phase stability diagram: Fe-C-0 at 427°C 
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Figure 18. Phase stability diagram: Cr-C-H2S/H2 at 427°C 
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Figure 19. Phase stability diagram: Cr-C-0 at 427®C 
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Figure 21. Pha»e stability diagram; M0-C-H2S/H2 at 427°C 
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Figure 22. Phase stability diagram: Mo-C-0 at 427°C 
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Figure 23. Phase stability diagram; M0-O-H2S/H2 at 427°C 
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